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ABSTRACT 


TMs  report  presents  the  results  of  the  work  of  personnel  of  the  Argonne  National  Labo¬ 
ratory,  the  Los  Alamos  Scientific  Laboratory,  and  the  University  of  California  Radiation  Lab¬ 
oratory  on  the  heavy  nuclides  formed  in  the  detonation  of  the  Mike  bomb  of  Operation  Ivy. 

Many  problems  in  the  identification  of  the  atomic  number  and  mass  number  of  the  activities 
found  in  the  debris  have  not  yet  been  solved  and,  indeed,  may  well  require  another  year  of 
work  on  the  debris  before  firm  assignments  are  obtained.  This  report  offers  an  interim  state¬ 
ment  of  the  conclusions  which  are  available  as  a  result  of  the  primary  work  on  the  debris. 

It  is  clear  that  isotopes  of  uranium  far  heavier  than  those  known  from  other  bombardment 
sources  were  formed  in  the  Mike  detonation.  The  beta  decay  of  these  nuclides  led  to  the  for¬ 
mation,  in  turn,  of  new  he?.',  y  isotopes  of  plutonium,  americium,  curium,  berkelium,  and  cali¬ 
fornium.  It  seems  quite  probable  that  isotopes  of  at  least  two  new  elements,  those  of  atomic 
numbers  99  and  100,  *7ere  formed.  From  the  yields  of  these  nuclides  it  is  possible  to  construct 
a  mass-3deld  curve  of  considerable  interest  in  diagnostic  information. 
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CHAPTER  1 

BACKGROUND 


Early  Indication  that  debris  from  the  Mike  detonation  might  contain  very  heavy  nuclides 
in  appreciable  quantity  was  obtained  from  radiochemical  analyses  and  mass  spectrographic 
data,  which  indicated  a  very  high  ratio  of  Pu^*“  and  Pu^*^  to  Pu^^.  Since  all  these  nuclides 
could  be  formed  only  by  successive  capture  in  the  implic;.tion  was  clear  that  the  suc¬ 
cessive  capture  processes  might  have  continued  a  sufficiently  large  number  of  times  to  form 
detectable  quantities  of  isotopes  of  very  h^h  mass  number.  The  next  concrete  evidence  of 
heavy-element  production  was  the  discovery  of  Pu^**  by  mass  spectrometer  analyses  at 
Argonne  National  Laboratory  (ANL).  Further  indication  of  new  heavy  nuclides  was  obtained 
at  Los  Alamob  Scientific  Laboratory  (LASL)  and  at  ANL  when  it  was  found  that  the  plutonium 
fraction  could  not  be  purified  of  beta  activity  by  many  chemical  purification  steps.  Since  the 
plutonium  isotopes  through  mass  243  were  known  and  had  such  characteristics  as  to  preclude 
their  being  responsible  for  the  activity,  the  presence  of  the  beta  activity  required  the  con¬ 
clusion  that  isotopes  of  mass  at  least  244  were  present  in  quite  high  abundance.  With  this 
Information  all  thr^i  (.participating  laboratories  embarked  upon  investigations  of  the  heavy- 
element  fractions.  Such  investigations  required  employment  of  the  techniques  developed 
largely  at  the  University  of  California  Radiation  Laboratory  (UCRL)  in  connection  with  the 
work  on  the  elements  from  americium  to  californium.  With  these  techniques  and  the  actinide 
concept  developed  by  G.  T.  Seaborg  and  coworkers,  it  also  seemed  certain  that  the  chemical 
properties  of  elements  immediately  beyond  californium  could  be  predicted  by  the  actinide 
concept;  in  this  case  elements  99  and  above  would  possess  the  following  properties:  (1/  They 
would  exist  in  aqueous  solution  in  their  most  stable  state  as  tripositive  ions  with  rare-earth¬ 
like  properties  and  (2)  they  would  continue  the  sequence  of  other  tripositive  actinide  elements 
with  respect  to  ionic  radius  so  that  this  property  could  be  applied  in  identif3dng  these  elements 
by  elution  from  ion-exchange  resins. 

The  objectives  of  this  Investigation  were  not  solely  concerned  with  the  extension  of  pre¬ 
vious  work  on  the  heaviest  elements.  Another  objective  of  possibly  more  immediate  practical 
interest  was  the  study  of  yields  of  various  isotopes  as  a  function  of  mass  number.  The  vari¬ 
ation  in  such  yields  would  depend  on  the  fast-neutron  cross  sections  of  the  series  of  uranium 
Isotopes  and  on  the  neutron  flux.  The  yields  of  the  different  primary  uranium  products  could 
be  deduced  from  the  amounts  of  the  various  products  of  the  beta-decay  chains. 
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CHAPTER  2 

CHEMICAL  METHODS 


2.1  DISSOLVING  OF  THE  FILTER  PAPERS 

initial  samples  were  obtained  on  intermittent-particle-collector  (IPC)  filter  papers, 
which  were  dissolved  in  different  ways  by  the  various  laboratories.  Most  of  the  activity  col¬ 
lected  in  this  manner  was  dissolved  at  Los  Alamos  using  the  following  procedure:  The  paper® 
were  digested  with  fuming  nitric  acid  until  the  solution  was  essentially  clear;  concentrated 
perchloric  acid  was  added  to  this  solution,  and  evaporation  was  carried  on  until  the  exothermic 
reaction  of  perchloric  acid  witli  the  organic  matter  was  completed.  Dilute  hydrochloric  acid 
was  added  to  this  solution,  the  resulting  solution  was  centrifuged,  and  the  supernatant  was 
poured  off.  The  precipitate  was  treated  with  perchloric  and  hydrofluoric  acids,  heated  until  the 
hydrofluoric  acid  had  been  driven  off,  taken  up  in  dilute  hydrochloric  acid,  centrifuged,  and  the 
supernatant  was  added  to  that  obtained  above.  Any  remaining  precipitate  was  fused  with  sodium 
carbonate,  then  dissolved  in  dilute  hydrochloric  acid,  centrifuged,  and  the  supernatant  was 
once  again  added  to  the  stock  solution.  Any  precipitate  still  remaining  was  treated  again  with 
perchloric  and  hydrofluoric  acids,  heated  to  fuming,  and  taken  up  with  dilute  hydrochloric  acid. 
Further  treatment  was  usually  not  necessary.  The  solution  thus  obtained  was  diluted  further 
with  2N  hydrochloric  acid  to  a  standard  volume.  The  final  solution,  often  referred  to  as  Los 
Alamos  "A”  solution,  contained  the  activities -in  essentially  2N  hydrochloric  acid. 

In  the  ANL  procedure  usually  one-half  a  filter  was  cut  into  1-in.  squares,  placed  inside  a 
500-ml  polythene  bottle,  and  shaken  vigorously  with  30-ml  solid  glass  beads  and  200-ml  ace¬ 
tone  according  t'  the  method  developed  by  the  Berkeley  Division  of  Tracerlab,  Inc.  The  ace¬ 
tone  was  rapidly  decanted  through  an  organdy  screen  by  squeezing  the  bottle.  The  active  parti¬ 
cles  which  were  shaken  loose  from  the  filter  paper  were  carried  along  with  the  acetone, 
whereas  the  filter  paper  remained  behind.  This  procedure  was  repeated  until  the  desired  re¬ 
moval  of  activity  from  the  filter  paper  was  accomplished.  Monitoring  both  the  pulped  filter 
paper  and  the  acetone  filtrate  gave  an  approximate  idea  of  the  progress  of  the  removal  of  the 
active  particles.  Usually  60  to  80  per  cent  of  the  activity  was  removed  from  the  filter  paper  in 
three  cycles. 

The  acetone,  containing  the  suspended  particles,  was  evaporated  to  dryness,  leaving  the 
particles  and  a  gummy  residue,  probably  the  Kronosol  with  which  the  IPC  paper  had  been  im¬ 
pregnated.  Some  small  quantity  of  pulped  filter  paper  was  also  present. 

The  Kronosol  and  filter-paper  fibers  were  destroyed,  and  tlie  bomb  debris  was  brought 
into  solution  by  cautious  treatment  with  HNOj,  to  which  a  few  drops  of  HCIO4  had  been  added. 

As  the  reaction  subsided  and  the  liquid  evaporated  with  cautious  heating,  more  HNO3  and  HCIO4 
were  added.  This  procedure  was  repeated  until  a  clear  colorless  solution  was  obtained. 

In  the  UCRL  procedure  the  organic  matter  wai.  removed  by  wet  ashing.  At  the  beginning 
of  this  work  fuming  nitric  acid  was  used  to  "cmovo  most  of  the  organic  matter.  In  some  cases 
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fuming  perchloric  acid  was  used  to  remove  residual  organic  matter.  Very  extensive  fuming 
with  HNOs  was  required  to  reach  the  point  that  it  was  considered  safe  to  add  HCIO4.  In  later 
experiments  a  large  number  of  filter  p^ers  was  wet  ashed  using  fuming  sulfuric  acid  and 
small  frequent  additions  of  nitric  acid.  Organic  matter  was  removed  much  more  rapidly  by 
this  method  than  by  any  of  the  other  procedures  tried;  the  only  disadvantage  was  that  insoluble 
sulfates  of  certain  elements,  such  as  calcium,  were  produced.  Since  the  amounts  of  these  ele¬ 
ments  present  in  the  filters  were  not  large,  the  difficulties  were  not  serious,  and  the  sulfuric 
acid  could  be  fumed  almost  to  dryness.  Then  6M  nitric  acid  was  added,  and  the  mixture  was 
transferred  to  platinum  dishes.  Small  amounts  of  HF  were  added  frequently  to  provide  aver¬ 
age  concentrations  of  about  0.05M  to  O.IOM  HF  during  a  period  of  near  boiling  of  the  solution. 
This  HF  treatment  appeared  to  be  necessary  to  solubilize  refractory  oxides  and  other  diffi¬ 
cultly  soluble  compounds  of  the  heavy  elements.  The  final  fuming  operations  included  treat¬ 
ment  with  stronger  HF  to  remove  as  much  silica  as  possible  in  the  conventional  manner.  Fi¬ 
nally  the  HF  was  removed  by  bringing  the  mixture  to  strong  fumes  of  H2SO4.  When  H2SO4  had 
been  fumed  to  near  dryness,  the  dish  was  cooled,  and  the  contents  were  transferred  with  ~6M 
HCl  to  a  large  glass  beaker;  part  of  the  insoluble  residue  was  dissolved  by  heating. 

2.2  DISSOLVING  OF  THE  CORAL 

When  initial  investigation  of  the  contents  of  the  filter-p^er  samples  had  shown  that  the 
debris  was  a  rich  source  of  new  heavy  nuclides,  samples  of  the  surface  coral  from  Edna  (San 
Ildefonso),  an  island  neighboring  to  the  island  on  which  the  detonation  took  place,  were  gathered 
to  determine  their  value  as  a  source  of  these  nuclides.  Some  600  lb  of  the  most  active  coral 
was  brought  to  the  United  States  and  distributed  among  the  three  laboratories. 

At  ANL  the  procedure  for  treating  the  coral  involved  dissolving  in  nitric  acid,  saturating 
this  solution  with  aluminum  nitrate,  and  extracting  with  trlbutyl  phosphate  to  remove  the  acti¬ 
nide  elements  from  the  aqueous  phase.  The  tributyl  phosphate  was  then  stripped  with  water  to 
return  the  actinides  to  a  water  solution,  from  which  further  chemistry  could  be  carried  on. 

At  Los  Alamos  the  coral  was  dissolved  in  nitric  acid,  leaving  a  not  inconsiderable  pre¬ 
cipitate  of  organic  matter  and  iron  in  an  undetermined  form.  The  supernatant  was  decanted, 
precipitated  with  ammonium  hydroxide,  washed,  dissolved  in  hydrochloric  acid,  and  decanted 
once  more.  This  procedure  of  precipitating,  washing,  dissolving,  and  decanting  was  repeated 
until  the  supernatant  was  clear  and  in  sample  centrifuging  gave  no  indication  of  a  precipitate. 
The  precipitate  obtained  in  the  early  stages  was  treated  with  hydrofluoric  and  perchloric  acids, 
heated  to  fuming,  and  taken  up  with  hydrochloric  acid. 

At  UCRL  samples  were  obtained  of  fall-out  collected  in  rain  gauges  located  on  barges 
stationed  at  various  points  throughout  the  Atoll  at  the  time  of  explosion.  The  same  chemical 
treatment  was  used  with  these  samples  as  with  the  coral;  the  solid  material  (primarily  calci¬ 
um  and  magnesium  carbonates  but  containing  also  iron,  aluminum,  phosphate,  and  organic  and 
sllicious  material)  was  dissolved  in  HCl.  The  addition  of  HCl  resulted  in  the  evolution  of  CO2, 
and  in  dissolving  the  soil  samples  there  was  considerable  foaming,  presumably  due  in  part  to 
the  presence  of  organic  matter.  Difficulties  with  foaming  were  minimized  by  spraying  the 
foam  with  HCl  and  with  surface  agents  such  as  aerosol  and  alcohol.  Precipitation  of  the  in¬ 
soluble  hydroxides  with  NH4OH  or  NHj  gas  was  generally  the  first  step  in  the  chemical  separa¬ 
tions,  but  the  subsequent  steps  were  essentially  as  described  where  the  starting  material  was 
filter  paper. 

Sines  there  was  considerable  iron  present  in  the  material,  Fe(OH)3  was  used  as  a  carrier 
for  the  elements  above  uranium.  Consequently  the  calcium  and  magnesium  present  were  par¬ 
tially  separated  by  making  the  solutions  alkaline  (pH  8  to  9)  with  NH4OH  to  precipitate  Fe(OH)3 
and  Al(OH)s.  The  presence  of  phosphate  resulted  in  the  familiar  complications  in  the  ammoni¬ 
um  hydroxide  precipitation.  The  separation  of  calcium  and  magnesium  from  the  ammonia 
precipitate  when  phosphate  is  present  is  improved  by  the  addition  of  excess  Fe(in),  which 
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carries  down  the  phosphate  and  prevents  the  precipitation  of  calcium  phosphate.  Aluminum 
was  partially  dissolved  as  alumi..ate  by  treatment  of  the  ammonia  precipitate  with  KOH  and  in 
some  cases  by  precipitation  of  Fe(OH)3  from  an  acid  solution  by  adding  KOH, 

2.3  URANIUM  AND  PLUTONIUM  PURIFICATION  PROCEDURES 

The  plutonium  fraction  was  investigated  at  ANL  and  LASL,  and  the  uranium  fraction  was 
investigated  at  ANL.  For  mass  spectrographic  purposes  at  ANL  the  chemistry  involved  evapo¬ 
rating  the  solution  (from  filter  papers)  to  dryness  and  dissolving  in  a  few  milliliters  of  .2N 
nitric  acid.  In  some  cases  calcium  and  magnesium  salts  were  present  to  such  an  extent  as  to 
interfere  with  subsequent  operations,  and  auxiliary  methods  for  their  removal  were  employed. 
Otherwise  this  solution,  containing  uranium,  transuranium  elements,  and  all  the  nonvolatile 
long-lived  fission  products,  was  oxidized  with  a  few  milligrams  of  KBr03  at  90°C  for  1  hr.  It 
v/as  then  cooled,  saturated  with  NH1NO3,  and  extracted  four  times  with  preoxidized  hexone. 

Each  extract  was  scrubbed  twice  with  an  equal  volume  of  saturated  NH4NO3-2N  HNO3  solution 
and  then  stripped  with  water.  The  water  strip  contained  most  of  the  plutonium  and  uranium, 
with  possibly  a  small  amount  of  fission-product  zirconium  and  ruthenium.  The  transplutonium 
elements  remained  in  the  original  HNO3  solution.  The  small  amount  of  NH4NO3  carried  along 
during  the  extraction  was  destroyed  by  heating  with  aqua  regia. 

The  plutonium  was  purified  by  extraction  into  a  TTA-benzene  soh’tion  from  0.5N  HNO3, 
to  which  a  drop  of  H2O2  had  been  added  to  ensure  the  plutonium  being  in  the  IV  state.  After  the 
plutonium  was  stripped  into  8N  HNO3,  the  acid  was  evaporated,  and  the  organic  material  was 
destroyed  with  HCIO4.  The  plutonium  was  now  ready  for  mass  spectrometric  analysis. 

The  uranium  was  purified  by  a  conventional  ether  extraction  from  2N  HNO3  solution  satu¬ 
rated  with  NH4NO3.  On  evaporation  of  the  strips  from  this  extraction,  destruction  with  aqua 
regia  of  the  small  quantity  of  NH4NO3  that  was  carried  along,  and  treatment  with  HCi04,  the 
uranium  was  ready  for  mass  spectrometric  analysis. 

No  particular  effort  was  made  to  separate  neptunium  from  either  the  uranium  or  plutonium 
since  the  samples  wore  too  old  to  contain  significant  amounts  of  Np^’®  by  the  time  they  were 
purified. 

For  purification  in  the  investigation  of  the  activities  in  the  plutonium,  the  ANL  experi¬ 
menters  extracted  the  plutonium  into  edicr  from  an  oxidized  solution,  returned  the  plutonium 
to  the  aqueous  phase,  precipitated  lanthanum  fluoride,  extracted  the  plutonium  into  TTA-ben- 
zene  solutions,  returned  it  to  the  aqueous  phase,  and  passed  it  through  an  anion -exchange  col¬ 
umn.  These  operations  were  repeated  until  the  ratio  of  alpha  to  beta  activity  remained  con¬ 
stant  within  the  experimental  error. 

At  Los  Alamos  the  plutonium  was  purified  by  initial  extraction  of  the  plutonium  in  the  IV 
state  into  a  cupferron-chloroform  solution,  destruction  of  the  organic  phase,  the  taking  up  into 
nitric  acid,  and  the  carrying  out  of  a  series  of  lanthanum  fluoride  precipitations  from  oxidized 
and  reduced  solutions.  In  the  case  of  the  reduced  solutions,  in  which  the  plutonium  is  carried 
on  the  lanthanum  fluoride,  the  precipitate  was  treated  in  the  usual  manner  with  nitric  and  boric 
acids;  the  lanthanum  precipitated  as  the  hydroxide  with  ammonium  hydroxide  and  was  dissolved 
in  dilute  nitric  acid  to  initiate  another  cycle.  These  cycles  were  repeated  until  the  alpha  to  beta 
activity  ratio  was  constant. 

2.4  TRANSPLUTONIUM  ELEMENT  PURIFICATION  PROCEDURES 

The  methods  employed  in  the  purification  of  the  transplutonium  elements  involved,  in  all 
cases,  the  use  of  ion-exchange  resin  columns.  At  ANL  the  aqueous  phase  from  the  ether  ex¬ 
traction  of  uranium  and  plutonium  was  heated  with  aqua  regia  to  destroy  the  ammonium  salts 
and  then  run  through  an  anion  Dowex  A-1  resin  column  to  remove  iron  carrier,  fission  prod¬ 
ucts,  and  the  last  traces  of  plutonium.  The  heavy-element  fraction  was  then  adsorbed  on  a 
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cation  column  of  JDowex  50  resin  and  eluted  with  concentrated  hydrochloric  acid.  After  this 
column  run,  the  solution  was  converted  to  dilute  nitric  acid,  salted  with  ammonium  nitrate, 
and  extracted  with  trlbutyl  phosphate.  The  heavy  elements  were  stripped  from  the  tributyl 
phosphate  with  IN  nitric  acid.  A  second  Dowex  50  resin  column  run  was  then  made,  with  hy¬ 
drochloric  acid  again  as  the  elutriant.  At  this  point  the  alpha  to  beta  particle  ratio  was  about 
1  at  the  peak  of  the  elution  curve.  Separation  of  the  Individual  elements  was  accomplished  by 
running  them  through  a  Dowex  50  cation  column  at  87“C  using  an  ammonium  citrate -citric  acid 
(0.25M  citrate)  mixture  at  a  pH  of  3.5  as  the  elutriant.  After  the  first  column  volume  had 
passed  through,  each  drop  was  collected,  evaporated  on  a  separate  plate,  and  counted  for  al¬ 
phas,  betas,  and  spontaneous  fissions.  All  the  plates  collected  before  the  americium  peak 
were  pulse  analyzed. 

The  only  de^dation  in  the  procedure  for  the  coral  and  filter-paper  samples  was  that  in  the 
case  of  the  coral  the  eluting  citrate  solution  was  at  pH  3.4  rather  than  3.5. 

At  Los  Alamos  the  procedure  used  for  the  filter-paper  samples  involved  successive 
precipitations  with  fluoride,  ammonium  hydroxide,  and  sodium  hydroxide  to  remove  calcium, 
magnesium,  and  aluminum.  Transplutonium  elements  were  finally  separated  by  a  fluoride 
precipitation  from  an  oxidized  solution  and  were  separated  from  rare  earths  by  rims  through 
a  Dowex  50  four  per  cent  cross-linked  cation-exchange  column,  with  13M  HCl  as  the  eluting 
agent.  No  citrate  separations  were  attempted.  In  the  coral  samples  essentially  the  same  chem¬ 
istry  was  followed,  except  that  the  calcium  v/as  finally  removed  by  passing  the  solution  throug^i 
a  large  column  of  Dowex  50  four  per  cent  c;;os8-link,  with  13M  HCl  as  eluting  agent,  and  the 
iron  was  removed  by  passing  the  solution  through  a  Dowex  A-1  anion  column,  with  lOM  HCl  as 
the  eluting  agent.  The  transplutonium  elements  were  again  separated  by  the  use  of  small  cation 
columns. 

At  UCRL  lanthanum  fluoride  was  precipitated  to  carry  the  desired  elements  and  to  sepa¬ 
rate  a  major  part  of  the  Fe(in).  In  view  of  the  necessity  of  using  a  large  amount  of  lanthanum 
to  carry  the  actinides,  the  procedure  was  altered  in  some  cases  to  that  of  passing  the  mixture 
in  8M  to  lOM  HCl  through  Dowe::  A-1  anion  resin  to  remove  Fe(ni)  and  anionic  impurities  be¬ 
fore  the  fluoride  precipitation  step.  This  procedure  was  in  some  cases  further  varied  with 
respect  to  the  adsorption  of  plutonium.  In  some  cases  plutonium  was  reduced  to  the  tripositive 
oxidation  state  and  allowed  to  accompany  Am(in)  and  the  heavier  elements.  In  other  cases  it 
was  allowed  to  adsorb  on  the  resin  in  the  tetrapositive  state  and  was  removed  separately. 
Whenever  Pu(ni)  accompanied  the  heavier  elements  in  the  first  Dowex  A-1  column  separations, 
it  was  separated  as  Pu(IV)  in  subsequent  Dowex  A-1  steps  so  as  to  minimize  interference  with 
the  detection  of  much  heavier  elements  in  the  final  separation  of  the  individual  actinides  on  a 
standard  hot  citrate  column.  Usually  two  or  three  Dowex  A-1  column  separations  with  8M  to 
lOM  HCl  were  employed  in  order  to  ensure  adequate  decontamination  and  purification  from 
anionic  constituents.  Precipitations  of  lanthanum  fluoride  were  generally  accomplished  in  IM 
to  3M  HCl  with  3M  to  5M  HF.  Lanthanum  hydroxide  carrier  was  usually  dissolved  in  HCl  after 
conversion  of  the  fluoride  to  lanthanum  hydroxide  with  2M  to  4M  KOH  in  at  least  two  treat¬ 
ments  at  elevated  temperatures.  Then  the  reprecipitation  of  lanthanum  hydroxide  with  am¬ 
monia  and  treatments  with  KOH  were  repeated  to  reduce  the  volume  further.  In  a  few  cases  a 
useful  separation  prior  to  the  resin  columns  was  that  of  leaching  the  complex  mixture  of  hy¬ 
droxides  at  least  twice  with  hot  45  per  cent  K2COJ.  Usually  a  high  proportion  of  the  actinides 
passed  into  the  carbonate  solution,  leaving  an  insoluble  carbonate  residue  which  could  be  dis¬ 
solved  in  HCl.  In  this  case  the  hydroxides  were  precipitated  with  ammonia,  and  the  K2COJ 
leaching  process  could  be  repeated  on  the  hydroxides  to  increase  the  yield  when  necessary. 

The  combined  K2CO3  solutions  were  then  diluted  with  ~4M  KOH  to  10  to  20  per  cent  K2CO3  and 
heated  to  precipitate  La(OH)3,  which  was  washed,  dissolved  in  acid,  and  reprecipitated  with 
ammonia.  In  this  procedure  it  is  assumed  that  the  heavy  actinides  precipitate  as  do  La(OH)3 
and  Am(OH)3. 

The  La(OH)3  obtained  at  this  point  was  usually  dissolved  in  HCl,  reprecipitated  with  am¬ 
monia,  and  the  washed  hydroxides  were  saturated  with  HCl  gas  at  room  temperature.  If  NH^Cl 
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was  present,  it  was  destroyed  with  aqua  regia,  and  the  solution  was  saturated  finally  with  HCl 
gas.  The  13M  HCl  solution  was  usually  transferred  to  a  short  (4  to  5  cm  length)  Dowex  50  four 
per  cent  cross-linked  column  which  had  been  thoroughly  washed  with  13M  HCl.  The  cross- 
sectional  area  of  the  resin  column  to  be  used  was  determined  by  the  amount  of  rare-earth 
carrier  judged  to  be  present  (maximum  ~50  mg  lanthanum  per  square  centimeter).  The 
rate  of  elution  was  adjusted  to  less  than  1  ml/min/cm^.  It  was  found  experimentally  that  three 
separate  column  separations,  with  small  column  diameters  for  the  last  two  separations,  were 
necessary  in  order  to  achieve  maximum  decontamination  by  this  method.  The  separate  frac¬ 
tions  eluted  from  the  HCl  column  were  examined  by  taking  small  aliquots,  transferring  them 
to  platinum  disks,  drying  them  under  a  heat  lamp,  and  igniting  them  to  a  dull-red  heat.  The 
fractions  containing  the  elements  of  interest  were  combined  and  subjected  to  further  separa- 
tions 

For  the  final  separation  of  the  individual  elements  above  plutonium,  the  combined  HCl 
fractions  containing  the  elements  of  Interest  were  evaporated  to  near  dryness,  using  a  water 
bath  and  an  air  jet,  water  was  added,  and  the  actinides  were  adsorbed  on  Dowex  50  spherical 
fines.  This  resin  was  transferred  to  a  standard  hot  citrate  column.  The  pH  of  the  citrate 
eluting  agent  was  adjusted  to  3.35  ±  0.05  so  as  to  elute  the  heaviest  fractions  more  slowly  than 
with  pH  3.5  citrate  and  provide  a  larger  separation  between  the  individual  elements. 


16 

RESTRICTED  DATA -SECRET- SECURITY  INFORMATION 


SECRET 


CHAPTER  3 

INSTRUMENTATION 


With  the  exception  of  the  mass  spectrometer  at  ANL,  the  instruments  employed  in  the 
e:q)eriments  described  here  have  become  so  conventional  that  there  is  no  need  to  describe 
them  in  detail.  In  all  cases  except  that  of  the  plutonium  beta  activities,  the  instrument  of  pri¬ 
mary  reliance  was  the  pulse  analyzer  and  chamber  used  to  measure  the  alpha -particle  ener¬ 
gies.  The  details  of  the  chamber  and  analyzer  varied  among  the  participating  laboratories 
but  not  in  so  gross  a  fashion  as  to  warrant  description  of  the  individual  systems. 

In  the  measurement  of  beta  activities  and  half-lives,  the  variation  among  the  laboratories 
was  sharper,  ANL  used  a  conventional  Geiger  counter,  LASL  used  a  methane  flow  counter  of 
Los  Alamos  design  operated  in  the  proportional  region,  and  UCRL  used  a  windowless  methane 
flow  counter  of  the  Nucleometer  type. 

In  the  measurement  of  the  spontaneous-fission  events,  the  UCRL  instruments  are  de¬ 
scribed  as  consisting  simply  of  revamped  alpha  counters,  each  equipped  with  a  chart  recorder 
to  show  when  each  fission  was  observed.  The  gain  of  each  amplifier  was  reduced  by  a  factor 
of  approximately  20  so  that  the  counter  was  insensitive  to  events  of  energy  less  than  about  20 
Mev;  otherwise  the  conventional  argon-filled  flow-type  ionization  chambers  normally  used 
for  counting  total  alpha-particle  activity  were  used.  For  the  Pu^*  spontaneous-fission  determi¬ 
nation  a  very  fast  fission  counter  was  used.  The  rise  time  of  the  chamber  was  made  very 
short  by  the  use  of  argon  plus  4  per  cent  COj,  and  the  pulse  amplifier  had  a  wide  frequency- 
response  range.  The  high  resolution  nature  of  the  device  was  necessary  to  prevent  alpha  pile- 
ups  caused  by  the  large  amount  of  Fu^^*  alpha  activity  present  in  the  Pu‘'^  sample. 

The  instruments  for  the  scintillation  spectrometer  work  at  ANL  and  LASL  were  quite 
similar.  Both  employed  a  sodium  iodide  (T1  activated)  crystal  as  the  scintillator,  with  an 
RCA  5819  photomultiplier  tube  at  ANL  and  a  DuMont  K1187  tube  at  LASL  as  the  detector.  The 
spectra  were  taken  with  a  single -channel  analyzer  at  ANL  and  with  a  100-channel  analyzer  at 
LASL,  The  coincidence  work  done  at  ANL  employed  two  sodium  iodide  crystals  for  the 
gamma -gamma  coincidences  and  an  anthracene  crystal  in  coincidence  with  a  sodium  iodide 
crystal  for  the  beta-gamma  coincidences.  The  beta  spectra  were  determined  with  an  anthra¬ 
cene  crystal  in  a  scintillation  counting  assembly. 
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MASS  SPECTROMETRIC  MEASUREMENTS 


All  mass  spectrometric  measurements  were  made  at  ANL  on  filter -paper  samples  from 
various  sources.  Samples  of  the  Mike  shot,  both  close  in  and  distant,  as  well  as  samples  of 
the  Los  Alamos  A  solution  were  received  from  B-29  sampling  aircraft.  Tables  4.1  and  4.2 
present  the  results  on  the  isotopic  composition  of  the  Mike  debris.  For  comparison  and  inter¬ 
est  the  isotopic  composition  of  King  debris  is  also  presented  (see  Table  4.3). 

It  should  be  emphasized  that  the  uranium  isotopic  ratios  have  not  been  corrected  for  the 
uranium  present  which  came  from  coral.  At  the  present  time  the  contribution  from  coral 
uranium  is  not  known.  It  is  at  least  25  per  cent  of  bomb  uranium  and  may  constitute  over  half 
of  all  the  uranium  in  the  samples. 

For  comparison  between  samples  an  isotopic  analysis  was  run  on  a  sample  of  Los  Alamos 
A  solution  from  the  King  detonation  (Table  4.4).  The  only  chemical  operation  performed  was 
purification  by  an  anion  column.  Comparison  of  these  data  with  those  of  Table  4.3  indicates  a 
possibility  of  contamination  with  natural  uranium.  An  additional  check  on  the  mass  spectro¬ 
metric  values  was  obtained  by  fission  to  alpha  ratio  measurements  on  the  Mike  plutonium. 
These  measurements  led  to  a  value  of  24.9  per  cent  Pu“*  corrected  for  Pu“‘  content. 

The  mass  ratio  of  Am**’  to  Am**‘  was  determined  on  samples  from  the  .hot  citrate  column 
separations  to  be  7.94  ±  0.22.  The  figure  in  Table  4.1  for  the  abundance  of  mass  243  was  de¬ 
rived  from  this  datum  and  the  calculation  of  the  fraction  of  Pu***  which  had  decayed  into  Am‘*‘ 
at  the  time  of  separation. 

Mass  spectrometric  analysis  of  the  curium  fraction  from  the  hot  citrate  columns  Led  to  a 
Cm**®  to  Cm**®  mass  ratio  of  0.37  ±  0.03.  The  absolute  percentage  of  these  nuclides  with 
respect  to  plutonium  was  calculated  from  the  absolute  disintegration  rate  of  Pu**®  (see  Chap.  5). 
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Table  4.1— ANL  MASS  SPECTROMETER  MEASUREMENTS  OF 
ISOTOPIC  COMPOSITION  OF  MIKE  (CLOSE  IN)* 


Mass 

Pu  abundance,  % 

Mass 

U  abundance, % 

239 

70.3  ±  0.3 

238 

99.06  ±  0.012 

240 

23.5  ±0.3 

236 

0.166  ±  0.004 

241 

2.74  ±0.04 

235 

0.765  ±0.010 

242 

1.34  ±0.02 

234 

0.0091  ±  0.0005 

243 

(0.137) 

244 

0.083  ±  0.005 

245 

(0.0086) 

246 

0.0024-0.0032 

♦The  values  within  the  parentheses  are  not  from  mass 
spectrometric  data  on  the  elements  indicated  but  are  calcu¬ 
lated  from  mass  spectrometric  data  on  other  elements. 

Table  4.2— ANL  MASS  SPECTROMETER  MEASUREMENTS  OF 
ISOTOPIC  COMPOSITION  OF  MIKE  (DISTANT) 

Mass 

Pu  abundance, % 

Mass 

U  abundance,  % 

239 

70.8  ±  0.5 

238 

99.1  ±  0.2 

240 

25.1  ±  0.5 

236 

0.06  ±  0.02 

241 

2.81  ±0.05 

235 

0.81  ±0.05 

242 

1.32  ±  0.02 

234 

<0.04 

244 

0.09  ±  0.02 
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Table  4.3— ANL  MASS  SPECTROMETER  MEASUREMENTS  OF 
ISOTOPIC  COMPOSITION  OF  KING  (CLOSE  IN)* 


Mass 

Pu  abundance,  % 

Mass 

U  abundance,  % 

239 

95.02  ±  0.05 

238 

74.9  ±  0.2 

240 

4.92  ±  0.05 

237 

(0.35) 

241 

0.056  ±0.006 

236 

2.32  ±  0.02 

242 

<0.003 

235 

22.4  ±  0.2 

234 

0.36  ±0.01 

*The  value  within  the  parentheses  is  not  from  mass  spec 
trometric  data  on  the  element  indicated  but  is  calculated 
from  mass  spectrometric  data  on  other  elements. 


Table  4.4— ANL  MASS  SPECTROMETER  MEASUREMENTS  OF  ISOTOPIC 
COMPOSITION  OF  KING  URANIUM  FROM  LOS  ALAMOS  A  SOLUTION 


Mass 

U  abundance,  % 

238 

65.6  ±  0.3 

236 

3.21  ±  0.06 

235 

30.8  ±  0.3 

234 

0.49  ±  0.04 
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CHAPTER  5 

PLUTONIUM  ACTIVITIES 


5.1  BETA  ACTIVITIES 

The  presence  of  hard-beta  activity  in  a  carefully  purified  plutonium  fraction  was  observed 
by  personnel  of  ANL  and  LASL.  The  suspicion  that  the  beta  activity  was  due,  at  least  in  part, 
to  a  plutonium  daughter  was  confirmed  in  both  laboratories  by  milking  experiments.  At  ANL 
the  activity  was  milked  from  plutonium  in  a  TTA-benzene  solution  by  washing  with  0.5M  HCl 
ajid  precipitated  on  lanthanum  fluoride.  At  LASL  it  was  milked  from  plutonium  oxidizing  the 
plutonium  with  potassium  permanganate,  precipitating  lanthanum  fluoride,  quickly  reducing  the 
supernatant,  precipitating  lanthanum  fluoride,  and  observing  the  growth  in  the  plutonium  frac¬ 
tion  and  activity  decay  in  the  lanthanum  fluoride  precipitate  from  the  oxidized  solution.  Sim¬ 
ilar  s^qierlmentc  at  ANL  confirmed  the  fact  that  there  existed  a  short-lived  activity  in  equilib¬ 
rium  with  a  loiter  lived  beta  activity  in  the  plutonium  fraction. 

The  half-life  of  the  daughter  activity  was  measured  at  LASL  by  milking  the  daughter  from 
the  plutonium  parent.  This  was  done  by  putting  the  plutonium  on  a  Dowex  A-2  anion  column 
from  a  solution  lOM  in  hydrochloric  acid  and  approximately  O.IM  in  nitric  acid  and  eluting  the 
daughter  from  the  column  with  solution  of  the  same  composition.  Under  these  conditions,  in  a 
t3q)ical  e^qierlment  with  approximately  3  x  10®  c/m  (alpha)  on  the  column,  only  6  or  7  c/m  of 
plutonium  would  be  eluted  or  carried  off  by  passing  a  milliliter  of  elutriant  through  a  column 
4  mm  in  diameter  and  5  cm  long.  The  daughter  activity  could  be  followed  into  background  with¬ 
out  observation  of  an  appreciable  tailing  of  the  activity.  As  an  average  value  of  several  exper¬ 
iments  in  each  of  which  the  activity  was  followed  over  some  nine  half-lives,  the  LASL  chemists 
report  a  value  of  25.0  ±  0.2  min  for  the  half-life. 

At  ANL  the  half-life  of  the  daughter  was  measured  to  be  25  min  by  following  a  sample  of 
some  6  x  10*  c/m  through  approximately  13  half-lives.  No  deviation  from  straight-line  decay 
was  observed  over  that  interval. 

The  decay  of  the  beta  activity  in  the  plutonium  fraction  was  followed  for  some  60  days  at 
ANL  and  led  to  a  half-life  value  of  11.2  ±  0.2  days  for  the  parent  plutonium  In  similar  experi¬ 
ments  at  LASL  a  half-life  of  10.5  ±  0.5  days  was  obtained;  this  value  is  considered  less  reli¬ 
able  than  the  ANL  datum  since  the  activity  was  not  followed  for  nearly  so  long  a  period. 

A  further  experiment  performed  at  LASL  was  the  repeated  milking  and  4ir  counting  of  the 
daughter  activity  from  a  plutonium  "cow”  which  was  held  on  an  anion  column  over  a  period  of 
24  days.  In  each  milking  the  activity  was  eluted  from  the  column,  and  the  sample  for  counting 
was  eluted  again  3  hr  later,  since  experimental  difficulties  made  it  doubtful  that  the  first  elu¬ 
tion  would  be  quantitative.  The  eluted  solutions  were  counted  for  alpha  activity  to  ensure  that 
the  plutonium  loss  from  the  column  was  negligible.  This  technique  led  to  a  half-life  for  the 
parent  of  approximately  10  days  but  had  so  few  points  and  was  over  so  short  a  period  that  no 
great  accuracy  can  Ite  claimed. 
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In  experiments  to  prove  the  atomic  number  of  the  daughter  activity,  the  ANL  chemists 
concluded  that  the  activity  was  americium  on  the  basis  that  it  could  be  milked  from  plutonium 
in  TTA-benzene  by  washing  with  0.5M  HCl;  that  it  could  be  precipitated  on  lanthanum  fluoride; 
that  it  behaved  like  americium  on  an  anion  column;  and  that  it  could  be  oxidized  under  the  con¬ 
ditions  for  the  oxidation  of  americium  and  remained  in  the  supernatant  solution  with  Am^^'  on 
precipitation  of  lanthanum  fluoride.  In  the  last  experiment  the  americium  which  carried  with 
the  lanthanum  fluoride  through  incomplete  oxidation  showed  the  same  alpha  to  beta  activity 
ratio  as  that  in  the  supernatant.  The  ANL  chemists  noted  that  this  chhmical  behavior  does  not 
definitely  eliminate  the  possibility  that  the  activity  could  be  due  to  a  beta  emitter  of  atomic 
number  higher  than  americium  but  pointed  out  that  systematic  considerations  make  a  decay 
chain  involving  more  than  two  beta-decay  stips  unlikely  in  this  region. 

The  LASL  chemists  also  concluded  that  the  daughter  activity  was  that  of  an  americium 
Isotope.  The  experiments  in  which  the  activity  was  milked  from  the  plutonium  on  an  anion  col¬ 
umn  and  by  precipitations  of  lanthanum  fluoride  from  a  solution  in  which  the  plutonium  was  ox¬ 
idized  to  the  VI  state  showed  that  the  emiHer  followed  the  chemistry  of  americium  or  curium. 
In  another  set  of  experiments  the  daughte.-’  activity  was  added  to  a  solution  containing  tracer 
quantities  of  Am^^*  and  Cm^^^.  This  solution  was  oxidized  with  ammonium  persulfate,  lantha¬ 
num  fluoride-precipitated,  reduced,  and  lanthanum  fluoride -precipitated  once  more.  Less 
than  10  per  cent  of  the  beta  activity  was  present  in  the  lanthanum  fluoride  precipitate  from  the 
oxidized  solution.  Subsequent  pulse  analyses  showed  that  about  5  per  cent  of  the  Am^^*  was 
present  in  the  lanthanum  fh  oride  precipitate  from  the  oxidized  solution,  and  approximately  5 
per  cent  of  the  curium  ^I'as  present  in  the  precipitate  from  the  reduced  solution.  On  this  basis 
the  beta  activity  could  nc  t  be  curium  and  must  have  been  either  americium  or  an  activity  of 
atomic  number  97  or  higher.  The  latter  possibility  was  eliminated  on  the  basis  that  it  was  very 
doubtful  that  two  beta  activities  would  escape  undetected  in  either  the  equilibrium  mixture  or 
the  daughter  activity. 

Aluminum  absorption  measurements  were  made  on  the  equilibrium  mixture  and  the  daugh¬ 
ter  activity  at  LASL  and  ANL.  In  experiments  at  both  laboratories  the  daughter  activity  exhib¬ 
ited  only  one  beta  activity,  v/ith  an  energy  of  approximately  1.2  Mev.  The  equilibrium  mixture 
showed  two  beta  activities,  one  with  the  1.2-Mev  energy  observed  in  the  daughter  activity  and 
another  which  was  measured  to  be  0.2  to  0.4  Mev  at  Los  Alamos  and  0.15  Mev  at  Argonne.  In 
experiments  at  Argonne  the  0.15-Mev  beta  activity  was  found  in  freshly  purified  plutonium,  and 
it  exhibited  no  growth  or  decay  over  a  period  of  40  min. 

The  assignment  of  a  mass  number  to  this  decay  chain  was  based  largely  on  isotopic -abun- 
dsince  data  from  the  mass  spectrometer  at  Argonne.  From  the  characteristics  of  known  pluto¬ 
nium  isotopes,  it  was  clear  that  the  mass  number  must  be  greater  than  243.  The  25-min  half- 
life  of  the  americium  activity  suggested  Am^*,  which  has  been  previously  reported*  to  have  a 
25-min  half-life.  However,  pulse  analyses  of  milkings  over  a  long  decay  period  enabled  LASL 
personnel  to  set  an  upper  limit  of  10~^,  and  the  ANL  chemists,  a  limit  of  10“’,  to  the  ratio  of 
Cm’*^  in  the  milkings  to  that  expected  on  the  basis  of  its  reported  characteristics.’  At  ANL,  in 
order  to  estimate  the  yield  of  the  plutonium  beta  activity,  the  /3“  -disintegration  rate  of  a  sam.- 
ple  containing  a  known  weight  of  plutonium  was  measured  by  beta-gamma  coincidence  tech¬ 
niques.  The  gamma  spectrometer  was  set  to  accept  only  gammas  with  energies  greater  than 
400  kev,  and  the  beta  spectrometer  was  set  to  accept  only  betas  with  energies  greater  than  200 
kev.  Thus  each  counter  was  sensitive  only  to  the  radiations  of  the  25-min  americium  in  equi¬ 
librium  with  the  11.2-day  plutonium.  The  bias  setting  on  the  beta  counter  corresponds  to  the 
maximum  of  the  curve  in  Fig.  5.1  in  which  N^y/N^  is  plotted  as  a  function  of  the  integral  bias 
(or/3“  energy).  The  disintegration  rate  was  calculated  from  the  relation 

_  Ng  XNy 
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Fig.  5.1 — Beta-gamma  coincidences  per  beta  in  equilibrium  Pu“®-Am*^  sample. 
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■which  is  ■valid  for  a  simple  decay  scheme  and  very  nearly  true  for  any  decay  scheme,  provided 
that  N^/Nj3  is  extr^olated  to  zero  energy  and  that  the  number  of  conversion  electrons  de¬ 
tected  relative  to  the  betas  is  negligible.  In  an  experiment  employing  this  technique,  the  beta- 
disintegration  rate  of  the  25-min  americium  activity  in  an  equilibrium  sample  giving  1.36  x  10^ 
c/m  (alpha)  in  Zn  geometry  was  measured  to  be  2494  dis/m  at  midnight,  Jan.  21,  1953,  with  a 
statistical  xmcertainty  of  ±1  per  cent  and  an  absolute  error  of  possibly  10  to  20  per  cent.  As  of 
tlie  detonation  time  on  Nov.  1,  1952,  the  disintegration  rate  of  the  plutonium,  on  the  basis  of  an 
11.2-day  half-life,  would  have  been  3.98  x  10®  dis/m  (beta),  which  corresponds  to  3.79  x  10“® 
fig.  The  we^ht  of  plutonium  represented  by  1.36  x  10*  c/m  (alpha)  is  0.118  fig.  On  this  basis 
ANL  chemists  derived  an  isotopic  percentage  of  0.0032  for  the  plutonium  activity  at  the  time  of 
formation. 

The  procedure  employed  at  LASL  to  determine  the  yield  of  this  chain  involved  4ir  coimtlng 
of  the  25-min  activity  milked  from  a  known  amount  of  plutonium.  On  Dec.  17,  1952,  1.84  x  10® 
dis/m  of  this  activity  was  foimd  to  be  in  equilibrium  with  1.57  x  10®  c/m  of  plutonium.  Calcu¬ 
lations  based  on  the  isotopic  composition  of  the  plutonium,  as  determined  by  ANL,  and  the  Los 
Alamos  half-life  value  for  the  plutonium  emitter  lead  to  a  value  of  0.0024  per  cent  for  the  yield 
of  this  chain  at  formation.  If  the  ANL  half-life  of  11.2  days  is  used,  the  yield  figure  becomes 
0.0020  per  cent.  The  absolute  error,  aside  from  half-life  uncertainties,  is  estimated  at  5  to  10 
per  cent. 

The  highest  mass  number  measurable  on  the  ANL  spectrometer,  244,  was  determined  to 
be  present  in  8.3  x  10“®  per  cent.  If  the  convenient  assumption  of  equal  capture  cross  section 
for  successive  mass  numbers  is  employed,  the  yields  of  the  successive  mass  numbers  would 
be  calculated  as  245,  1.4  x  10"®;  246,  2.0  x  10"®;  247,  2.5  x  10"*;  and  248,  2.8  x  10"®  per  cent. 
From  the  trend  of  the  known  plutonium  beta  half-lives  (Pu®*®  has  a  half-life  of  5  hr),  it  seems 
quite  likely  that  any  heavy  plutonium  isotope  of  10-  to  11-day  half-life  must  have  an  even  mass 
number.  Since  it  also  seems  unlikely  that  the  equal  cross-section  assumptio”  is  in  error  by  a 
factor  of  100  over  a  few  mass  numbers,  the  mass  number  of  the  chain  under  investigation  is 
very  probably  246.  The  samo  conclusion  is  reached  by  extrapolation  of  the  mass-yield  curve 
described  in  Chap.  6. 

An  insufficient  quantity  of  the  25-min  activity  was  available  to  allow  the  conclusive  exper¬ 
iment  of  detection  of  the  alpha  particles  of  the  probable  Cm®*®  daughter  to  be  performed.  On 
the  basis  of  the  knowledge  of  the  characteristics  of  Cm®*®  (half-life  of  at  least  2000  years),  the 
activity  available  in  milkings  ';fas  well  below  the  limits  of  detection  of  Cm®*®. 


5.2  SCINTILLATION  SPECTROMETER  STUDIES 

Analysis  of  the  gamma  radiation  from  the  plutonium  activities  was  undertaken  at  both  ANL 
and  LASL,  using  the  usual  techniques  of  analysis  of  pulses  from  a  scintillation  counter.  At 
ANL  the  observed  peak  positions  were  translated  into  ene  rgy  by  making  corrections  for  chan¬ 
nel  width  and  zero  level  of  the  analyzer  and  for  the  nonlinear  response  of  sodium  iodide.  The 
nonlinearity  correction  was  obtained  by  measuring  the  pulse  heights  of  14  x-ray  and  gamma- 
ray  lines  of  known  energy,  covering  the  energy  range  from  2.1.5  to  1332  kev.  With  662  kev  as 
the  standard,  the  correction  varied  from  -21  to  +3  per  cent  over  the  range  since  low-energy 
gamma  rays  produced  a  greater  pulse  height  per  energy  unit  than  those  of  high  energy.  The 
sample  of  the  equilibrium  mixture,  which  contained  about  5  pg  of  plutonium,  consisted  of  a 
1-ml  volume  of  solution  in  a  2-ml  volumetric  flask  inserted  in  a  hole  drilled  in  a  Vj-in.  plas¬ 
tic  holder.  A  245  mg/cm®  aluminum  absorber  was  placed  over  ihe  counter,  which  had  a  175  T 
aluminum  window  weighing  95  mg/cm®.  In  several  determinations  the  average  values  of  the 
energies  of  the  observed  gamma  rays  were  18.5,  43,  103,  175,  220,  795,  and  1069  kev.  A  rep¬ 
resentative  spectrum  is  shown  in  Fig.  5.2. 

Figure  5.3  presents  the  gamma-ray  spectrum  of  Am®*®  separated  from  Pu®*®  at  ANL. 
Gamma  rays  are  identified  which  have  energies  of  18.5,  103,  795,  and  1069  kev,  with  the  inten- 
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Fig.  5.2 — ANL  gamma  spectrum  of  Pu*^-Am*^  equilibrium  mixture. 
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sity  of  the  103  line  greatly  diminished  from  that  obtained  with  the  equilibrium  sample.  By  dif¬ 
ference,  gamma  rays  with  energies  of  43,  103,  175,  and  220  kev  may  be  assigned  to  the  pluto¬ 
nium  fraction.  In  the  determination  of  the  americium  spectrum,  the  245  mg/cm^  aluminum 
absorber  was  not  used,  and  consequently  the  absorption  of  the  18.5-kev  line  was  greatly  di¬ 
minished. 

The  contribution  of  the  plutonium  isotopes  with  masses  less  than  244  to  any  of  the  peaks 
observed  above  was  no  more  than  10  per  cent  in  the  case  of  the  18.5-kev  peak  and  less  than  1 
per  cent  for  any  of  the  others.  It  was  also  observed  that  the  shape  of  the  spectrum  did  not  . , 
change  appreciably  over  a  period  of  one  month. 

At  Los  Alamos  only  the  lower  energy  spectrum  of  the  equilibrium  mixture  was  studied 
closely.  A  linear  relation  between  channel  and  energy  was  obtained  in  the  region  below  200 
kev  by  calibrations  using  the  gamma  rays  and  x  rays  emitted  by  Lu”^,  Am^^‘,  and  Hg^"®.  The 
sample  used  consisted  of  some  90,000  c/m  of  plutonium  on  a  platinum  plate  covered  with  0.0005 
in.  of  nylon;  the  only  absorbers  present,  in  addition  to  several  centimeters  of  air,  were  0.005 
in.  of  A1  and  Vig  to  V32  in.  of  MgO.  Repeated  observations  of  this  sample  led  to  average  values 
for  the  gamma-ray  energies  of  224  ±  10,  111  ±  3,  72  ±  2,  and  18  ±  0.5  kev.  Figure  5.4  presents 
a  representative  low-energy  spectrum. 

At  ANL  two  sodium  iodide  scintillation  spectrometers  were  used  in  coincidence  to  meas¬ 
ure  the  spectrum  of  gammas  in  coincidence  with  the  1069-kev  gamma.  Spectrometer  B  was  set 
to  select  only  the  photopeak  pulses  of  the  1069-kev  gamma,  whereas  the  pulse-height  channel 
of  spectrometer  A  was  varied.  A  peak  at  approximately  100  kev,  followed  by  a  low  shoulder  at 
approximately  200  kev,  was  observed  (Fig.  5.5).  The  relative  intensity  of  the  100-kev  radia¬ 
tion  may  be  obtained  from  the  ratio  of  the  integrated  coincidence  rate  over  the  100-kev  peak 
divided  by  the  counting  rate  of  the  1069-kev  gamma  in  spectrometer  A.  The  value  of  this  ratio 
is  found  to  be  0.013,  and,  since  the  ratio  should  equal  the  efficiency  of  counter  A  for  a  100-kev 
photon  (about  0.30,  if  every  1069-kev  gamma  were  in  coincidence  with  a  100-kev  photon),  it 
may  be  concluded  that  approximately  4  per  cent  of  the  1069-kev  gamma  rays  are  accompanied 
by  a  100-kev  photon. 

The  Kurie  plot  (Fig.  5.6)  of  the  beta  spectrum  taken  at  ANL  from  an  equilibrium  mixture 
of  plutonium  and  americium  shows  a  curvature  which  is  characteristic  of  a  complex  spectrum. 
The  spectrum  was  taken  with  an  anthracene  scintillation  spectrometer,  and  only  those  beta 
particles  were  counted  which  were  in  coincidence  with  the  1069-kev  gamma.  This  counting  was 
accomplished  by  placing  the  sodium  iodide  spectrometer  behind  the  sample  and  selecting  only 
those  pulses  in  the  photopeak  of  the  1069  gamma.  The  coincidence  circuit  had  a  resolving  time 
(2t)  of  0.14  psec.  The  Kurie  plot  of  the  coincidence  spectrum  shows  a  straight-line  portion 
which  extrapolates  to  a  maximum  energy  of  1213  kev.  Correction  for  window  absorption  in¬ 
creases  this  energy  to  1222  kev.  The  upswing  at  about  half  the  maximum  enei^  is  character  - 
istic  of  the  Instrument  and  is  due  to  the  scattering  of  electrons  out  of  the  crystal  before  they 
have  expended  all  their  energy.  This  upswing  makes  it  impossible  to  obtain  the  energy  of  any 
possible  lower  energy  components  and  also  masks  the  spectrum  of  the  plutonium.  The  large 
tail  on  the  total  spectrum  above  1222  kev  indicates  that  betas  with  an  energy  greater  than 
1222  kev  are  present.  However,  the  low  intensity  did  not  permit  a  determination  of  their  en¬ 
ergy.  Further  evidence  for  the  presence  of  a  higher  energy  component  is  shown  in  Fig.  5.6,  in 
which  the  beta-gamma  coincidence  rate  per  beta  is  plotted  as  a  function  of  beta  energy.  The 
gamma  detector  was  set  to  detect  all  gammas  with  energies  greater  than  400  kev,  and  the  beta 
detector  was  set  to  count  all  betas  with  energies  greater  than  the  abscissa  value  plotted.  For  a 
simple  beta  spectrum  followed  by  a  gamma,  the  value  of  will  remain  constant.  The  de¬ 
crease  of  py/p  will  remain  constant.  The  decrease  of  py/p  at  the  higher  beta  energies  indi¬ 
cates  that  betas  are  present  having  a  higher  energy  than  those  in  coincidence  with  the  795-  and 
1069-kev  gammas.  The  decrease  of  py/p  at  lower  beta  energies  is  probably  due  to  the  low- 
energy  betas  of  plutonium. 

The  radiation  of  energy  of  about  100  kev  and  that  of  18  kev  were  Interpreted  at  ANL  and 
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Fig.  5.4— LASL  gamma  spectrum  of  equilibrium  mixture. 
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Fig,  5.5 — ANL  gamma-gamma  coincidence  spectrum  of  Pu*^‘-Am“®  equilibrium  mixture. 
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Fig.  5.6 — ANL  beta  spectrum  of  equilibrium  mixture. 
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LASL  as  probable  K  and  L  x  rays  since  these  energies  roughly  correspond  to  the  e:q)ected  val¬ 
ues  for  the  X  rays  of  americium  and  curium.  The  lOO-kev  photon  in  coincidence  with  the  1069- 
kev  radiation  could  be  either  a  curium  K  x  ray  or  u  gamma  ray.  The  total  disintegration  en¬ 
ergy  of  Am***  was  Interpreted  by  ANL  chemists  to  be  the  sum  of  the  energy  of  the  1222-kev 
beta  ray  and  that  of  the  coincident  1069-kev  gamma  ray,  or  2.29  Mev,  in  fair  agreement  with 
the  1.94  Mev  estimated  by  Seaborg*  from  considerations  of  closed  decay  cycles. 

5.3  ALPHA  ACTIVITIES 

The  plutonium  fraction  was  examined  carefully  at  UCRL  for  Pu***  (5.48  Mev)  alpha  activ¬ 
ity.  It  was  found  that  0.05  per  cent  or  less  of  the  total  plutonium  alpha  activity  could  be  due  to 
this  isotope.  When  corrected  for  the  change  in  specific  alpha  activity  of  the  plutonium  as  deter¬ 
mined  by  mass  analysis  (approximately  40  per  cent  of  the  alpha  activity  should  be  due  to  Pu***), 
the  atom  ratio  of  Pu***  to  Pu***  is  calculated  to  be  equal  to,  or  less  than,  4  x  10“*. 
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CHAPTER  6 

A/W^SS-YIELD  CURVE 


The  mass  spectrographic  data  obtained  at  ANL  were  used  by  the  ANL  and  UCRL  groups 
to  construct  a  mass-yield  curve  similar  to  that  shown  in  Fig.  6.1,  in  which  the  logarithm  of 
the  yield  relative  to  mass  239  is  plotted  as  a  function  of  the  mass  number  of  the  nuclide.  The 
data  through  mass  244  suggest  strongly  that  the  yield  function  can  be  described  two  straight, 
essentially  parallel  lines  on  this  graph,  with  one  line  for  the  odd  masses  and  the  other  for  the 
even.  Such  a  description  and  the  extrapolation  of  these  lines  were  used  extensively  by  both 
groups  in  the  tentative  assignment  of  mass  numbers  to  the  observed  activities. 

Such  a  mass-yield  function  is  in  variance  with  the  function  anticipated  in  which  (on  the  ba¬ 
sis  of  an  assumption  of  roughly  ecpial  capture  cross  sections  for  succeeding  masses)  the  yield 
would  fall  with  rising  mass  number  in  a  function  described  by  the  reciprocal  of  a  factorial  in¬ 
creasing  by  1  with  each  successive  mass.  Thus  the  yield  of  mass  240  relative  to  239  would  be 
1/2 1,  that  of  241  relative  to  239  would  be  1/3! ,  etc.  A  mass-yield  relation  of  this  type  is  pre¬ 
sented  for  contrast  in  Fig.  6.1  and  is  concave  toward  the  origin,  with  much  lower  yields  at  high 
mass  numbers  than  those  predicted  by  the  straight-line  extrapolation. 

The  linear  relation,  if  it  is  indeed  true  for  high  mass  numbers,  has  been  explained  tenta¬ 
tively  as  produced  by  the  sum  of  several  factorial  curves;  this  arises  from  the  fact  that  U*’® 
located  in  different  portions  of  the  bomb  would  be  subjected  to  neutron  fluxes  differing  widely 
in  magnitude. 

Insufficient  data  on  mass  assignments  have  been  obtained  to  make  a  clear  distinction  as  to 
which  type  of  function  is  being  followed  at  high  mass  numbers.  As  Fig.  6.1  shows,  at  mass  246, 
if  this  assignment  can  be  regarded  as  firm,  the  yield  predictions  of  the  two  functions  are  so 
close  that  no  conclusive  decision  can  be  made.  If  cross-sectional  variations  are  admitted,  the 
data  through  246  could  be  explained  by  the  factorial  type  of  function.  Until  a  mass  number  at 
least  as  high  as  248  is  conclusively  assigned,  on  the  basis  of  other  evidence,  the  mass-yield 
relation  so  often  mentioned  in  the  following  chapters  must  be  regarded  only  as  tentative  collat¬ 
eral  evidence. 
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Fig.  6.1 — Mass-yield  curve. 
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CHAPTER  7 

AMERICIUM  AND  CURIUM  ACTIVITIES 


7.1  AMERICroM  ACTIVITIES 

An  alpha-particle  pulse  analysis  at  ANL  determined  the  ratio  of  Am“*  to  Am**‘  activities 
as  0.60  ±  0.06,  which,  coupled  with  the  datum  on  the  mass  ratios,  led  to  a  value  of  6380  ±  700 
years  for  the  half-life  of  Am*^*.  This  value  is  in  poor  agreement  with  the  8800  ±  500  years  ob¬ 
tained  at  ANL  by  analysis  of  the  americium  fraction  from  irradiated  plutonium.  A  similar  ex¬ 
periment  on  the  Mike  americium  fraction  at  UCRL  gave  results  which,  upon  assumption  of  an 
8600-year  half-life  for  Am^**,  led  to  a  ratio  of  0.1  for  masses  of  U***  to  produced  at  deto¬ 
nation  time.  Figures  7,1  and  7.2  present  the  pulse  analyses  obtained  at  ANL  and  UCRL,  re¬ 
spectively. 

At  ANL  a  measurement  of  the  ratio  of  alpha  to  beta  particle  activity  before  the  first  cit¬ 
rate  column  run  permitted  limits  of  less  than  three  days  or  greater  than  10  years  to  be  set  on 
the  Am^*^  half-life.  On  the  basis  that  the  mass  spectrometer  showed  no  americium  isotopes  of 
mass  245,  the  longer  half-life  possibility  was  considered  to  be  excluded.  A  similar  conclusion 
was  reached  at  UCRL,  where  an  americium  fraction  was  examined  in  a  windowless  methane 
proportional  counter  for  beta  activity.  The  absence  of  beta  particles  within  the  limits  of  sta¬ 
tistical  fluctuation,  together  with  yield  estimates  based  on  the  mass -yield  curve  discussed  in 
Chap.  6,  permitted  limits  of  less  than  two  days  or  greater  than  3000  years  to  be  set  to  the  beta 
half-life  of  Am“‘. 

7.2  CURIUM  ACTIVITIES 

Pulse  analyses  of  the  curium  fraction  were  Interpreted  at  ANL  as  revealing  two  peaks, 
one  at  5.4  Mev  and  one  at  6.1  Mev.  The  6.1-Mev  peak  was  taken  as  that  of  Cm^**,  produced  by 
neutroE  .'>pture  in  the  Am**‘  present  in  the  plutonium  of  the  initiator  bomb.  The  5.4-Mev  peak 
was  interpreted  as  that  of  Cm*^®,  Cm®**,  or  both.  The  ANL  chemists  considered  it  not  unlikely 
that  the  alpha-particle  energies  of  Cm®®®  and  Cm®**  are  close  together  and  appeared  unresolved 
in  the  5.4-Mev  peak,  which  showed  little  or  no  fine  structure.  Calculations  of  the  extreme  pos¬ 
sibilities  showed  that,  if  the  activity  were  due  entirely  to  Cm®*®,  its  half-life  is  about  5000 
years,  and  the  Cm®**  half-life  is  greater  than  10*  years.  On  the  other  hand,  if  the  activity  were 
due  entirely  to  Cm®**,  its  half-life  is  about  2000  years,  and  the  half-life  of  Cm®*®  is  greater 
than  5  x  10*  years.  Figure  7.3  presents  the  alpha-particle  spectrum  of  the  ANL  curium  frac¬ 
tion. 

Alpha-particle  pulse  analysis  experiments  at  UCRL  were  considered  to  exhibit  three 
peaks,  which  were  attributed  to  Cm®*®,  Cm®**,  and,  probably.  Cm®*®.  The  5.48-Mev  Cm®*®  peak 
was  shown  to  he  free  of  Am®**  contamination  by  a  comparison  of  alpha  pulse  analyses  of  sev¬ 
eral  plates  on  the  leading  edge  of  the  curium  elution  peak.  The  5.36-Mev  alpha  peak  was  at- 
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Fig.  7.1 — ANL  ameticium  alpha  spectrum,  10  min. 
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Fig.  7.2 — UCRL  americium  alpha  spectrui.n,  103  min. 
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Fig.  7.3 — ANL  curium  alpha  spectrum,  236  min. 
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Fig.  7.4 — UCRL  curium  alpha  spectrum. 
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tributed  to  on  the  basis  of  its  approximate  yield  and  the  alpha  energy  expected  of  this 
nuclide.  The  ratio  of  the  5.48-Mev  a'pha  activity  to  that  of  5.36  was  0.12;  from  mass  spectro¬ 
scopic  data  the  atom  ratio  of  Cm^^^  to  at  the  time  of  measurement  was  taken  as  approxi¬ 
mately  2.5.  On  the  basis  of  these  data  and  an  estimated  6000-year  half-life  for  Cm***,  the 
half-life  of  Cm***  was  calculated  as  1.3  x  10*  years.  This  value  is  quite  at  variance  with  the 
half-life  for  this  isotope  as  determined  by  growth  data  from  its  cyclotron-produced  Bk*** 
parent.*  Figure  7.4  shows  an  alpha  pulse  analysis  of  this  Cm***  activity  for  comparison  with  a 
Mike  sample  presumably  containing  the  same  isotope.  The  Bk***  ^  Cm***  data  indicate  a  half- 
life  of  3000  to  4000  years  for  Cm***.  The  reason  for  this  gross  discrepancy  is  not  clear  at  this 
time. 

The  spontaneous  fissions  in  the  curium  fraction  were  studied  at  ANL  and  UCRL.  On  the 
assumption  that  all  the  alpha  activity  and  the  fissions  were  due  to  Cm***,  the  value  reached  at 
ANL  for  tliC  ratio  of  fission  to  alpha-particle  activity  was  1  to  5000.  At  UCRL  the  value  for 
this  ratio,  considering  only  the  alpha  activity  attributed  to  Cm***,  was  1  to  4800,  from  which 
the  spontaneous-fission  half-life  of  Cm***  was  calculated  as  3  x  10*  years,  if  all  fission  activity 
were  due  to  Cm***. 

On  the  basis  of  the  atom  ratio  of  Pu***  to  Pu***  and  the  fact  that  no  Cm***  could  be  detected, 
the  UCRL  chemists  calculated  that  the  beta  half-life  of  Pu***  must  be  at  least  1000  years. 

In  another  experiment  at  UCRL  an  isolated  curium  fraction  was  allowed  to  stand  for  a 
period  of  time  and  again  was  chemically  separated  on  a  citrate  column.  No  significant  berkeli- 
um  or  californium  activities  were  detected,  which  leads  to  the  conclusion  that  there  were  no 
significant  quantities  of  curium  beta-particle  emitters  with  half-lives  in  the  rough  range  of  one 
month  to  10*  years. 
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CHAPTER  8 

TRANSCURIUM  ACTIVITIES 


8.1  BERKELIUM  ACTIVITIES 

No  alpha-parOcle  activities  were  observed  which  could  be  definitely  attributed  to  a  berke- 
llum  isotope.  The  tJCRL  group  was  able  to  establish  the  presence  of  a  berkelium  beta-particle 
emitter  with  a  half-life  greater  than  one  month  by  observing  the  growth  of  5.8-Mev  alpha- 
particle  activity  in  a  separated  berkelium  fraction.  Since  an  alpha  particle  of  this  energy  was 
observed  in  the  californium  fraction,  the  growth  of  such  an  activity  in  the  berkelium  was  pre¬ 
sumed  to  be  due  to  a  californium  daughter.  The  quantity  of  alpharpartlcle  activity  grown  in  the 
two-week  observation  time  immediately  prior  to  the  writing  of  this  report  was  small  (about  0.2 
c/m)  but  was  considered  quite  definite.  The  UCRL  group  tentatively  assigned  a  mass  number 
of  250  or  251  to  this  nuclide.  In  previous  experiments  it  was  concluded  that  the  half-life  of  the 
berkelium  parent  of  the  californium  6.1-Mev  alpha -particle  emitter  (see  Sec.  8.2)  was  shorter 
than  a  few  days. 

At  ANL  the  absence  of  alpha  activity  in  the  berkelium  fraction  led  to  the  conclusion  that 
Bk**^  was  probably  not  present  since  considerations  of  yield  and  expected  half-life  indicated 
that  its  presence  would  result  in  abundant  alpha-particle  activity.  From  this  it  was  concluded 
that  Cm**^  is  either  beta  stable  or  a  very  long-lived  beta  emitter.  It  was  considered  that  Bk**®, 
if  present,  might  be  so  long-lived  as  to  be  undetectable. 

8.2  CALIFORNIUM  ACTIVITIES 

The  alpharpartlcle  activity  in  the  ANL  elution  from  a  hot  citrate  column  run  on  a  sample 
of  Los  Alamos  A  solution  is  presented  in  Figs.  8.1  and  8.2.  The  activity  in  the  first  two  peaks 
consisted  of  alpha  particles  of  the  energy  of  Pu®®*  radiation  and  was  interpreted  as  caused  by 
this  nuclide.  The  activity  of  the  third  elution  peak  was  made  up  of  alpha  particles  having  en¬ 
ergies  of  6.56,  6.3,  and  6.1  Mev.  Further  examination  of  the  samples  of  this  peak  revealed  a 
large  amount  of  spontaneous-fission  activity  which  peaked  later  than  the  alphat-partlcle  ac¬ 
tivity  in  the  run  of  Fig.  8.1.  Pulse  analyses  of  the  individual  drops  of  this  peak  are  shown  in 
Fig.  8.2,  which  Illustrates  the  location  of  the  activity  peaks  of  the  6.56-Mev  alpha  particles, 
the  6.1-Mev  alpha  particles,  and  the  spontaneous-fission  activity.  Figures  8.3  to  8.5  Illustrate 
the  relative  amounts  of  activity  of  the  alpha  particles  on  drops  19,  20,  and  22,  respectively: 
Pulse  analysis  of  a  similar  elution  peak  from  a  coral  sample  (elution  2)  is  presented  in  Fig. 
8.6.  Figure  8.7  shows  the  americium -curium  separation  in  this  run,  and  Figs.  8.8  to  8.14  show 
the  pulse  analyses  of  drops  67,  68,  69,  70,  73,  75,  and  77  of  this  elution,  representing  the  6.1- 
Mev  alpha-particle  spontaneous -fission  peak.  The  ANL  group  found  that  the  6.1-Mev  alpha  ac¬ 
tivity  was  in  constant  ratio  to  the  spontaneous-fission  activity  over  the  elution  peak  and  that 

(Text  continues  on  page  49.) 
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Fig.  8.1 — ANL  elution  curve  No.  Ij  gross  alpha  activity. 
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Fig.  8.2 — ANL  elution  curve  No.  1;  pul$e  analysis  and  fissions. 
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Fig.  8.4 — ANL  elution  curve  No.  Ij  pulse  analysis  of  drop  20,  88  rain. 
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Fig.  8.S — ANL  elution  curve  No.  1;  pulse  analysis  of  drop  22,  594  min. 
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Fig.  8,9 — ANL  elution  curve  No.  2;  pulse  analysis  of  drop  68,  318  min. 
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Fig.  8.10 — ANL  elution  curve  No.  2;  pulse  analysis  of  drop  69,  1040  min. 


Fig.  8,11 — ANL  elution  curve  No.  2;  pulse  analysis  of  drop  70,  912  min. 
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Fig,  8.12 — ANL  elution  curve  No.  2;  pulse  enalysis  of  drop  73,  680  min. 
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Fig.  8.13 — ANL  elution  cutve  No.  2;  pulse  analysis  of  drop  75,  820  min. 
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Fig.  0.14—  ANL  elution  curve  No.  2;  pulse  analysis  of  drop  77,  448  min. 

48 

RESTRICTED  DATA -SECRET  -  SECURITY  INFORMATION 


SECRET 


both  eluted  after  the  6.56-Mev  alpha-particle  activity.  The  constancy  of  the  ratio  of  the  6.1- 
Mev  alpha  activity  to  the  spontaneous  fissions  led  to  the  interpretation  that  they  were  due  to 
isotopes  of  the  same  element.  It  was  concluded  from  the  position  of  the  elution  peak  and  from 
spontaneous -fission  systematlcs  (see  Chap.  9)  that  the  element  was  probably  californium.  On 
following  the  samples  of  the  first  elution  for  decay,  ANL  chemists  found  that  the  spontaneous - 
fission  activity  decayed  with  a  68-day  half-life  in  all  drop  samples,  whereas  no  decay  in  the 
6.1-Mev  alpha  activity  was  detectable.  Figures  8.15  to  8.17  illustrate  the  spontaneous -fission 
decay  in  the  gross  sample  and  in  the  individual  drops. 

On  the  basis  of  the  decay  of  the  spontaneous  fissions  and  the  constancy  of  the  6.1-Mev 
alpha  activity,  the  ANL  group  concluded  that  there  were  two  californium  Isotopes  present  with 
very  low  alpha  activity  associated  with  the  spontaneously  fissioning  nuclide.  A  mass  number  of 
254  was  tentatively  assigned  to  the  fissioning  nuclide  from  spontaneous -fission  systematlcs 
and  the  estimated  alpha  half-life. 

In  later  experiments  an  alpha-particle  activity  of  5.9  Mev  was  detected  which  was  inter¬ 
preted  as  associated  either  with  the  californium  or  with  the  berkelium.  Also,  the  possibility 
was  suggested  that  the  6.3 -Mev  alpha  particle  was  associated  with  the  decay  of  a  nuclide  of 
higher  atomic  number  than  californium. 

The  results  of  a  pulse  analysis  of  an  elution  obtained  at  UCRL  with  a  coral  sample  are  il¬ 
lustrated  in  Fig.  8.18,  and  the  alpha  spectrum  of  the  californium  fraction  is  given  in  Fig.  8.19. 
Two  peaks,  of  6.1  and  5.8  Mev,  were  interpreted  as  associated  with  californium  isotopes;  the 
peak  at  5.48  Mev  was  Interpreted  as  associated  with  Am^‘  breaking  through  the  column.  In 
later  experiments  the  yield  of  the  5.8-Mev  alpha  particles  was  found  to  increase  relative  to  tiie 
6.1-Mev  peak;  this  is  consistent  with  the  evidence  found  in  the  berkelium  fraction  for  the  ex¬ 
istence  of  a  berkelium  beta-particle  emitter  of  intermediate  half-life.  From  the  amount  of 
berkelium  beta  activity,  the  time  of  growth,  and  the  amount  of  5.8-Mev  alpha  activity  which 
grew  in  the  californium  fraction,  the  half-life  of  this  californium  isotope  (tentatively  designated 
as  Cf^”  or  Cf^'*)  was  calculated  to  be  approximately  400  years. 

The  UCRL  group  found  by  observing  the  decay  of  the  6.1-Mev  alpha  peak  over  a  period  of 
three  months  that  its  half-life  was  greater  than  five  months.  They  reasoned  from  the  relation 
between  the  energy  and  half-life  of  alpha-particle  emitters  that  the  minimum  possible  half-life 
value  for  a  californii'm  isotope  emitting  an  alpha  particle  of  this  energy  should  be  about  10 
years.  If  the  mass  number  is  even  and  the  half-life  is,  then,  10  years,  reference  to  the  mass- 
yield  curve  discussed  in  Chap.  6  leads  to  the  conclusion  that  Uie  amount  of  activity  observed 
requires  a  mass  assignment  of  252.  In  order  for  this  hypothesis  to  be  consistent,  the  UCRL 
group  considered  the  possibility  of  a  minor  closed  shell  of  152  neutrons.  An  alternative  as¬ 
sumption  made  was  that  the  6.1-Mev  alpha  activity  was  due  to  Cf^*^,  and  on  this  basis  the  ob¬ 
served  yield  indicated  an  alpha  half-life  of  roughly  500  years. 

Early  experiments  at  UCRL  revealed  a  high  rate  of  spontaneous  fission  in  the  californium 
fraction,  which  was  observed  to  decay  with  a  half-life  of  approximately  two  months,  as  illus¬ 
trated  in  Fig.  8.20.  No  alpha  decay  of  this  half-life  was  found.  From  this  half-life  and  the 
amount  of  activity,  it  was  concluded  from  the  mass-yield  curve  that  the  mass  number  should 
be  256,  but  it  was  stressed  that  the  two-month  half-life  was  only  a  gross  value  from  three 
months  of  observation  and  that  the  contribution  from  Cf*®*  and  Cf***  could  not  be  determined.  It 
was. believed,  however,  that  these  two  Isotopes  could  not  contribute  more  than  one-half  the  ob¬ 
served  fissions.  The  Cf^°^  was  expected  to  be  beta  unstable  and  to  decay  through  elements  99  to 
100’“.  A  search  for  alpha  piirtlcles  of  energy  greater  than  6.6  Mev  was  without  success;  there¬ 
fore  it  was  concluded  that,  unless  100’“  has  an  alpha-particle  energy  in  the  vicinity  of  6.6  Mev 
(in  which  case  it  would  be  masked  by  the  6.6-Mev  alpha  particles  of  element  99  which  were 
found  to  grow  into  the  californium  fraction),  the  beta  half-life  of  Cf’“  must  be  at  least  20  times 
its  spontaneous -fission  half-life. 

The  UCRL  chemists  observed  that  a  6.6-Mev  alpha  activity  grew  into  the  californium  frac¬ 
tion.  Since  an  alpha  particle  of  this  energy  was  observed  in  the  element  99  fraction,  it  was 
su  spected  that  a  beta=emltting  californium  isotope  was  present.  The  californium  fraction  was 
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Fig.  8.15 — ANL  elution  No.  1|  tponuneoufflulon  decey  of  dtopi  18,  19,  20,  21,  and  22  (combined). 
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Fig.  8.16 — ANL  elution  No.  1;  spontaneous-fission  decay  of  drops  18,  19,  and  20. 
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Fig.  8.17— AML  elutioa  No.  1;  tponUaeoiu-fission  decay  of  drops  21  and  22. 
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Fig.  8.18 — UCRL  elution  curve;  coni  umple,  pulse  analysis. 
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Fig.  8.19 — UCRL  elution  curve;  coral  sample,  pulse  analysis  of  californium  fraction,  525  min. 
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Fig.  8.20 — UCRL  elutions;  sponUneoui-flssion  decay  in  ciUfoinlum  fraction. 
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followed  In  the  pulse  analyzer  for  about  three  months,  with  the  results  shown  in  Figs.  8.21  and 
8.22.  Since  the  sample  of  Fig.  8.21  contained  an  overlapping  portion  of  the  element  99  fraction, 
the  growth  of  Oie  6.6-Mev  alpha  particle  was  not  observable  but  may  be  seen  in  Fig.  8.18  with 
a  sample  from  a  subsequent  experiment  in  which  great  care  was  taken  in  purification.  The  two 
experiments  indicate  a  half-life  of  approximately  one  month  for  the  parent  californium  beta 
emitter;  for  the  daughter  element  99  alpha  emitter,  the  data  are  consistent  with  the  22 -day 
half-life  found  in  the  99  fr?ctl('ix. 

In  contrast  with  these  data  uie  ANL  group  has  been  unable  to  observe  any  growth  of  ac¬ 
tivity  of  6.56-Mev  alpha  particles  in  the  elution  fractions  which  they  attribute  to  californium. 
Figures  8.23  to  8.26  present  the  gross-decay  data  on  drops  of  their  second  elution.  They  re¬ 
mark,  however,  that  there  is  some  indication  in  the  data  of  their  first  run  that  there  may  have 
been  some  growth  of  6.56-Mev  alpha  activity  from  a  short-lived  (approximately  10-day)  cali¬ 
fornium  isotope.  No  resolution  of  this  discrepancy  is  available  at  this  time. 


In  an  early  elution  the  UCRL  group  came  to  the  conclusion  that  a  transcalifornium  isotope 
emitting  6.6-Mev  alpha  particles  had  been  chemically  separated  from  the  other  activities.  It 
was  not  possible,  however,  to  distinguish  chemically  between  elements  99  and  100  in  the  earli¬ 
est  experiments.  To  confirm  the  chemical  identification  of  the  new  element,  the  UCRL  group 
performed  another  elution  on  new  material  using  cyclotron-produced  1.5-day  Cf‘",  which  emits 
a  P.76-Mev  alpha  particle,  as  a  tracer.  The  6.6-Mev  alpha-particle  activity  was  found  to  elute 
just  ahead  of  the  californium  tracer  activity  in  a  position  analogous  to  the  rare-earth  position 
of  holmlum  and  was  thus  concluded  to  be  an  isotope  of  element  99.  Figure  8.27  shows  the  sepa 
ration  of  the  two  peaks  on  the  column  as  shown  by  the  pulse  analyses  of  adjacent  elution  frac¬ 
tions.  In  the  same  experiment  most  of  the  spontaneous-fission  activity  was  shown  to  follow 
closely  the  Cf***  elution  peak. 

The  decay  of  the  6.6-Mev  alpha  activity  was  observed  over  u  period  of  about  two  months 
and  revealed,  after  corrections,  a  decay  corresponding  to  a  half-life  of  22  days.  Figure  8.28 
illustrates  the  data  of  these  observations.  The  yield  of  this  activity  corresponded  closely  to 
that  given  by  the  mass-yield  curve  for  mass  253,  which,  in  conjimctlon  with  the  patterns  of  beta 
stability  established  from  closed  decay  cycles,  led  the  UQRL  chemists  to  assign  a  mass  num¬ 
ber  of  253  to  this  nuclide.  A  difficulty  arose  in  the  UCRL  interpretation  in  that  the  yield  of  the 
6.6-Mev  alpha  activity  was  too  high  by  a  factor  of  10  to  arise  from  a  californium  parent  with  a 
one-month  half-life.  It  was  thus  postulated  that  either  there  is  a  short-lived  beta-emitting 
Isomer  of  Cf*^^  or  there  are  two  isotopes  of  element  99  emitting  alpha  particles  of  the  same 
energy. 

The  data  of  the  ANL  group  led  to  a  different  interpretation  of  the  situation.  Their  obser¬ 
vation  that  the  6.56-Mev  alpha  activity  eluted  before  the  peak  which  they  attributed  to  californi¬ 
um  (Figs.  8.2  and  8.6)  led  to  the  conclusion  that  the  activity  was  due  to  the  presence  ol  one  or 
more  elements  of  atomic  number  higher  than  98.  Observations  of  the  decay  of  the  elution  frac¬ 
tions  across  the  6.56-Mev  alpha  elution  peak  led  to  the  conclusion  that  the  activity  which  eluted 
first  decayed  more  rapidly  than  that  which  eluted  late  in  the  peak.  Figures  8.29  to  8.34  show 
the  gross  decay  of  drops  17  to  22  of  ANL  elution  1.  These  data  were  interpreted  by  the  ANL 
group  to  mean  that  there  were  two  alpha  activities  with  alpha-particle  energies  close  to  6.56 
Mev  and  with  different  half-lives.  The  shorter  lived  nuclide  was  considered  an  isotope  of  ele¬ 
ment  100,  and  the  longer  lived  was  considered  an  Isotope  of  element  99.  Efforts  to  resolve  the 
6.56-Mev  alpha  activity  Into  two  peaks  by  pulse  analysis  were  inconclusive,  as  was  an  attempt 
to  detect  an  energy  shift  in  the  6.56-Mev  peak  in  samples  from  the  two  extremes  of  the  elution 
peak.  It  was  concluded  that  the  energy  difference  of  the  alpha  particles  of  the  two  nuclides  was 
less  than  80  kev. 

(Text  continues  on  page  75.) 
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Fig.  8.2J — UCRL  elutloasj  growth  and  decay  of  6.6-Mev  alpha  activity  In  caUfotnlum  firactlon. 
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Fig.  8.23 — ANL  elution  No.  2;  decay  of  drop*  66,  67.  68,  69,  and  70. 
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Fig,  8.25 — ANL  elution  No.  2}  decay  of  drops  74,  75,  and  76. 
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Fig.  8.26 — ANL  elution  No.  2:  decay  of  drops  77,  78,  and  79. 
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rig,  0.27 — uCRL  eluUoni;  pulse  koaiyses  of  caufomiuni  and  99  fractions. 
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Fig.  8.28 — UCRL  elutions;  decay  of  6.6-Mev  alpha  activity  in  99  fraction. 
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Fig.  8.29“-ANL  elution  No.  1;  decay  of  drop  17. 
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Fig.  8.30 — ANL  elution  No.  1;  decay  of  drop  18. 
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Fig.  8.31 — ANL  eludoa  No.  1;  decay  of  drop  19. 
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Fig,  8.33 — ANL  elution  No,  1;  decay  of  drop  21, 
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Fig,  8.34— ANL  elution  No,  1;  decay  of  drop  22, 
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Fig.  8  .36 — UCKI.  eludoni;  decty  of  7.1-Mev  alpha  activity  In  100  fraction. 
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Fig.  8.37 — UCRL  elutiau;  separation  of  99  and  100. 
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Fig.  8.38 — UCRL  elutions;  sponuneous -fission  elution  in  the  98,  99,  and  100  region. 
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The  data  from  this  «lution  and  the  second  ANL  elution  indicate  a  range  of  half-lives  from 
15  to  40  days  for  the  6.56-Mev  activity,  with  the  fraction  of  the  shorter  activity  much  less  on 
the  second  elution  than  the  first.  The  interpretation  of  the  data  combined  from  tlie  two  runs 
was  that  there  existed  two  activities  which  decayed  by  emission  of  a  6.S6-Mev  alpha  particle; 
one  of  these  activities,  of  about  a  15-day  half-life,  was  due  to  an  isotope  of  element  100,  proba¬ 
bly  of  mass  255;  the  other  activity,  of  about  a  35-  to  50-day  half-life,  was  due  to  an  isotope  of 
element  99,  probably  of  mass  253. 


8.4  ELEMENT  100  ACTIVITIES 


A  7.1-Mev  alpha  activity  in  transplutonium  fractions  was  first  observed  at  LASL  and 
shortly  thereafter  at  UCRL.  In  an  experiment  at  UCRL  on  filter -paper  samples,  long  counts 
revealed  the  presence  of  a  7.1-Mev  alpha-^particle  activity  in  the  elution  fraction  just  ahead  of 
the  fraction  attributed  to  element  99.  This  activity  had  essentially  disappeared  two  days  after 
the  initial  count  which  led  to  the  conclusions  that  its  half-life  was  of  the  order  of  one  day  and 
that  its  presence  at  this  time  could  only  result  from  its  production  by  a  beta  emitter  in  the  99 
fraction.  Further  analysis  of  the  99  fraction  revealed  the  presence  of  the  7.1-Mev  alpha  ac¬ 
tivity  in  an  abimdance  of  about  4  per  cent.  The  99  fraction  was  then  recombined,  and  the  ex¬ 
periment  was  repeated,  with  the  result  that  the  7.1-Mev  peak  was  once  again  observed  to  elute 
in  advance  of  the  99  fraction. 

A  later  experiment  on  samples  from  coral  yielded  considerably  more  7.1-Mev  activity; 
therefore  the  UCRL  group  was  able  to  derive  a  more  accurate  half-life  for  this  activity.  Fig¬ 
ure  8,35  illustrates  the  data  which  led  to  an  assignment  of  16  hr  as  the  half-life  v^ue.  Figure 
8.36  shows  the  6.6-Mev  alpha  activity  in  the  99  fraction,  together  with  the  equilibrium  amount 
of  7.1-Mev  element  100  activity;  the  7.1-Mev  activity  was  not  observable  in  the  99  fraction  im¬ 
mediately  after  separation.  The  californium  activity  in  Fig.  8.36  arises  from  incomplete  sepa¬ 
ration  from  the  neighboring  californium  peak  and  is  a  small  (approximately  5  per  cent)  fraction 
of  the  total  californium  activity.  Figure  8.37  shows  the  chemical  separation  between  elements 
99  and  100  as  determined  by  alpha  pulse  analyses  on  adjacent  elution  fractions. 

The  UCRL  group  could  not  identify  alpha  activity  other  than  the  7.1-Mev  activity  as  being 
that  of  an  isotope  of  element  100  in  experiments  to  the  level  of  0.02  c/m.  Figure  8.38  shows  a 
spontaneous-fission  elution  curve  over  the  region  of  elements  98,  99,  and  100.  The  small  elu¬ 
tion  peak,  which  corresponded  to  a  total  of  some  2  fissions/day,  was  considered  as  possibly 
arising  from  element  100,  but  the  statistical  difficulty  of  locating  tlie  exact  position  of  this  very 
small  peak  precluded  the  elimination  of  the  possibility  that  the  fissions  arose  from  isotopes  of 
elements  101  or  102.  For  a  heavy  isotope  of  element  100,  such  as  100*”  or  100*®*,  the  UCRL 
chemists  considered  that  the  alpha  half-life  might  be  expected  to  be  longer  than  that  for  spon¬ 
taneous  fission,  and  therefore  the  very  low  yield  of  fissions  would  be  consistent  with  a  mass 
number  of  258  or  260.  They  reasoned  that  an  odd-neutron  isotope  of  element  100  could  not  be 
ruled  out  on  the  basis  of  the  present  knowledge  of  spontaneous  fission  but  that  it  might  be  ex¬ 
pected  that  even-odd  isotopes  should  be  hindered  by  factors  of  100  or  more  in  the  probability 
that  they  would  imdergo  this  type  of  decay.  It  was  concluded  that  the  alpha  to  fission  ratio  of 

uicui  uu  caiuuiicu  Dy  inc  i.x-’mcv  cxi;tivxty  wao  COaoxotciii.  wiui  a  tctitaiavc  maoo  ctooxga- 


ment  of  255. 

The  ANL  group  observed  alpha  groups  of  6.35,  6.7,  and  7.0  Mev.  On  the  basis  of  pulse 
analyses  of  elution  samples,  it  was  concluded  that  the  6.35-Mev  alpha  activity  was  associated 
with  an  emitter  of  atomic  number  higher  than  that  of  the  6.56-Mev  alpha  emitter  interpreted  as 
element  99.  On  this  basis  the  6.35-Mev  alpha  activity  was  assigned  to  an  isotope  of  element 
100.  The  6.7-Mev  emitter  was  considered  to  be  a  nuclide  of  atomic  number  higher  than  98. 

The  7.0-Mev  activity  could  not  be  found  in  advance  (by  elution)  of  the  6.56-Mev  elution  peak  but 
was  observed  with  that  activity  in  an  abundance  of  about  one-fiftieth  of  the  6.56-Mev  activity  as 
of  Mar.  20,  1953. 
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CHAPTER  9 

SPONTANEOUS-FISSION  SYSTEMATICS 


9.1  ANL  SYSTEMATICS 

In  the  interpretation  of  the  spontaneous-fission  data  in  the  experiments  reported  here, 
systematlcs  of  different  types  were  employed  at  ANL  and  UCRL.  At  ANL  a  systematic  re¬ 
lation  was  noted  in  plots  of  the  log  of  the  ratio  of  spontaneous-fission  half-life  to  the  alpha 
half-life  vs  2?/k.  The  section  of  the  report  from  the  ANL  group  concerning  these  systematlcs 
is  quoted  below. 

"Kramlsh®  has  plotted  the  logarithm  of  the  ratio  of  spontaneous  fission  half-life  to  alpha  half-life 
against  7?/K  for  even-even  nuclides.  He  drew  straight  lines  through  the  points  representing  nuclides 
ahlch  differ  by  an  alpha  particle.  Figure  9.1  Is  a  similar  plot  containing  additional  points  based  on  spon¬ 
taneous  fission  data  not  available  to  Kramlsh.  The  Isotopes  differing  In  mass  number  by  six  units  and  In 
charge  by  two  units  appear  to  fall  approximately  on  straight  lines.  It  will  be  noted  that  there  are  three 
points  based  on  Measurements  for  each  of  three  out  of  the  six  lines  shown  In  Fig.  9.1.  The  Isotopes  of  a 
given  element  seem  to  fall  on  a  smooth  curve.  The  family  of  curves  Indicated  that  Pu^‘^  should  have  a 
shorter  spontaneous  fission  half-life  than  Pu^***.  To  check  this,  samples  of  plutonium  with  widely  different 
puJU/pu^w  ratios  were  measured  for  spontaneous  fissions.  The  spontaneous  fission  rate  of  Pu^“  was 
found  to  be  1.8  ±  0.2  times  that  of  Pu^*°.  The  Cm*^‘  point  was  calculated  on  the  assumption  that  all  the 
fissions  and  all  5.4  Mev  alpha  activity  are  due  to  Cm*^*.  The  data  of  I'lg.  9.1  suggest  that  Cf^^*  may  have 
a  spontaneous  fission  rate  high  enough  to  account  for  the  decay.  It  falls  on  a  family  with  Th^*",  and 
Pu^“.  Since  the  spontaneous  fission  half-life  used  for  Th^’®  is  only  a  limit  that  point  should  probably  be 
higher.  The  true  slope  of  the  line  through  these  points  may  be  such  that  the  predicted  fission  to  alpha  rate 
for  Cf^®^  may  be  as  high  as  10®  or  10®.  The  alpha  half-life  one  would  predict  from  systematlcs  Is  not  so 
long  but  that  a  spontaneous  fission  half-life  of  68  days  for  this  Isotope  Is  reasonable.  Cf®®®,  If  present, 
would  also  show  a  high  spontaneous  fission  rate.  The  spontaneous  fission  systematlcs  indicate  that  the 
ratio  of  fission  to  alpha  decay  for  the  corresponding  100  Isotopes  would  be  much  less.” 


9.2  UCRL  SYSTEMATICS 

At  UCRL  the  systematlcs  employed  plots  of  the  spontaneous-fission  half-life  vs  the  neu¬ 
tron  number  or  the  ratio  of  the  atomic  number  to  the  neutron  number.  Hulzenga  has  pointed 
out  that  spontaneous-fission  rates  at  constant  atomic  number  increase  with  mass  number  at 
sufficiently  high  values  of  mass  number;  this  is  in  disagreement  with  the  simpler  systematlcs 
of  Seaborg  which  predict  for  a  given  atomic  number  a  continually  decreasing  spontaneous- 
fission  rate  with  Increasing  mass  number.®  The  relations  revealed  are  shown  in  Figs.  9.2  and 
9.3.  The  sections  of  the  UCRL  report  which  discuss  these  systematlcs  are  quoted  below. 

“To  extend  the  spontaneous  fission  data  for  purposes  of  correlating  the  results  from  these  experi¬ 
ments  a  measurement  of  the  half-life  of  Pu®®®  for  this  process  was  made  on  a  highly  enriched  sample  pre¬ 
pared  by  neutron  Irradiation  of  Am®®*  at  the  Materials  Testing  Reactor  In  Idaho.  The  Isotopic  composition 
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Fig.  a.2 — UCRL  sponuneoiu-fissioD  systematici  (I). 
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Fig.  9.3  — UCRL  iponuneons-fittion  tystenudcs  (II). 
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of  the  sample  was  fovmd  to  be:  238  -  1.5^,  239  -  79.9%,  240  -  4.2%,  241  -  0.5%  and  242  -  13.9%.  The  spon¬ 
taneous  fission  rate  of  a  sample  of  this  material  was  found  to  be  about  three  times  as  high  as  the  com¬ 
bined  effect  calculated  for  the  and  present.  This  Information  leads  to  a  spontaneous  fission 
half-life  for  Pu^‘*  of  about  8  x  10‘°  years.  A  previous  measurement  ai  the  Argonne  National  Laboratory 
gives  approximately  the  same  value. 

“Preliminary  measurements  on  a  sample  of  Cf*“  produced  in  the  Berkeley  60*  Crocker  Laboratory 
cyclotron  by  helium  ion  bombardment  of  curium  containing  small  amounts  of  Cm^*^  indicate  a  spontaneous 
fission  half-life  for  Cf**®  of  roughly  10®  years.®  Since  the  fission  rate  of  this  sample  is  very  low  (about  1 
fission  in  five  days)  no  great  confidence  can  yet  be  placed  in  this  value. 

“Some  of  the  new  heavy  isotopes  show  relatively  high  spontaneous  fission  rates  and  are  useful  in  ex¬ 
tending  the  systematics  of  spontaneous  fission.  Two  of  the  many  different  ways  of  plotting  the  data  are 
illustrated  in  Figs.  9.2  and  9.3  and  are  largely  self-explanatory.  However,  the  final  results  of  this  phase 
of  the  investigation  depend  on  better  mass  assignments  and  more  spontaneous  fission  data.” 
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CHAPTER  10 


IDENTIFICATION 


OF  NEW  ELEMENTS 


The  position  of  elution  peaks  is  the  critical  factor  in  the  chemical  identification  of  new 
actinide  elements.  The  comments  of  the  UCRL  group  on  this  point  are  as  follows: 

“The  elements  Immediately  beyond  californium  are  expected  to  continue  the  sequence  of  other  tri¬ 
positive  actinide  elements  with  respect  to  ionic  radius  so  that  this  property  may  be  applied  in  identifying 
these  elements  by  the  order  of  elution  from  ion  exchange  resins.  The  same  principle  was  applied  in  identi- 
f3dng  elements  97  (berkelium)*  and  98  (californium)*.  In  the  latter  case  it  was  shown  that  the  relative 
spacing  of  the  elution  positions  from  ion  exchange  resinS  (due  to  change  in  ionic  radius)  between  the  - 
members  of  the  actinide  series,  californium,  berkellum  and  curium  was  very  similar  to  the  correspo?ing 
spacing  between  the  rare  earth  homologues  dysprosium,  terbium  and  gadolinium.  This  principle  is  merely 
extended  In  identifying  the  two  new  elements  observed  in  this  work.  Since  the  elution  position  of  MIKE' . 
produced  californium  has  been  proved  by  the  addition  of  Cf***  tracer,  the  two  elution  peaks  preceding  cali¬ 
fornium  are  proved  to  be  due  to  trans-californium  elements.  That  these  peaks  correspond  to  elements  99 
and  100  is  best  shown  by  comparison  with  an  elution  diagram  (Fig.  tO.l)  showing  the  relative  spacing  be¬ 
tween  the  corresponding  rare  earths.  The  actinide  elution  curve  is  a  duplication  of  Fig.  8.18  with  the 
heights  of  the  peaks  normalized  to  facilitate  comparison.  The  rare  earth  elution  curve  is  from  an  actual 
separation  which  was  not  run  imder  the  same  conditions  (not  on  standard  hot  citrate  column)  and  is  only 
used  to  compare  the  relative  spacing.  Previous  work  in  this  laboratory  has  indicated  the  relaUve  spacing 
is  essentially  Independent  of  the  particular  conditions  of  operating  the  columns  although  the  sharpness  of 
separation  and  the  overall  spacing  is  greatly  affected.  The  rare  earth  elution  curve  is  also  normalized 
for  comparison. 

“Aside  from  minor  variations  in  relative  spacing  between  the  positions  of  rare  earths  and  corre¬ 
sponding  actinides,  it  will  be  seen  that  the  elution  position  of  the  6.6  Mev  alpha  particles,  indeed,  corre¬ 
sponds  to  element  99  and  that  the  position  of  the  7.1  Mev  alpha  particles  corresponds  to  element  100.” 

Of  considerable  additional  aid  are  the  relations  known  as  the  alpha  systematlcs.  A  portion 
of  these  relations  is  shown  in  Fig.  10.2,  and  the  comments  of  the  UCRL  group  on  possible  ex¬ 
planations  of  the  data  of  this  report  as  they  affect  these  systematics  are  as  follows; 

“There  are  some  possible  difficulties  and  inconsistencies  in  the  preceding  interpretation  of  results, 
particularly  with  regard  to  mass  assignments,  which  can  be  remedied  by  the  assumption  of  a  minor  magic 
number  at  162  neutrons.  Figure  10.2  is  a  plot  of  alpha  particle  energy  versus  mass  number;  the  dotted 
lines  illustrate  what  might  occur  if  152  neutrons  is  an  unusually  stable  configuration.  In  the  absence  of 
closed  shell  effects  and  assuming  the  mass  assignment  of  99***  is  correct,  it  will  be  noted  that  there  is  an 
unusually  large  increase  in  alpha  energy  between  the  californium  Isotopes  and  those  of  element  99;  how¬ 
ever,  if  152  neutrons  is  taken  as  an  especially  stable  Combination  the  lighter  isotopes  of  99  and  100  would 
have  normal  alpha  energ^ies  and  those  of  164  neutrons  or  more  would  have  abnormally  high  energies.  If 
this  hypothesis  were  correct,  the  6.1  Mev  californium  activity  could  be  assigned  to  mass  252  rather  than 
to  mass  249.  This  assumption  would  also  tend  to  increase  the  beta  instability  of  Cm***  and  increase  the 
beta  stability  of  Bk^'.  A  magic  number  of  154  neutrons  would  give  similar  resttlts  with  mass  assignments 
shifted  still  further  to  the  higher  mass  numbers.” 
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MASS  NUMBER 


Fig.  10.2 — UCRL;  alplu  eneig}'  vi  nuu  number. 
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CHAPTER  11 

SUMMARY 


The  investigations  reported  here  have  shown  that  the  extreme  neutron  flux  present  at  the 
detonation  of  the  Ivy  Mike  bomb  resulted  in  the  production  of  a  number  of  new  heavy  nuclides, 
including  isotopes  of  at  least  two  new  elements  (Fig.  11.1).  The  nuclear  characteristics  and 
tentative  mass-number  assignments  of  these  nuclides  are  presented  in  the  following  tabulation: 


Nuclide 

Radiations 

Half-life 

Remarks 

Pu*u 

Probably  beta  stable 

Beta  half-life  greater 
than  1000  years 

Pu”* 

0.15  Mev  beta;  0.043, 
0.103,  0.175,  0.220 
Mev  gamma 

11.2  days 

Am«» 

Beta 

<2  days 

Limit  set  only 

Am«* 

1.22  Mev  beta;  0.0185, 
0.103,  0.795,  1.069 
Mev  gamma 

25.0  min 

Decay  energy, 

2.29  Mev 

Cm“® 

5.48  Mev  alpha 

1.3  X  10®  years 

Half-life  dis¬ 
crepancy  with 
cyclotron-pro¬ 
duced  materia] 

Cm«‘ 

Cm*« 

5.36  Mev  alpha 

Alpha,  2000  years; 
spontaneous  fission, 

3  X  10*  years 

Beta  stable  or 
very  long  beta 
lived 

Beta 

>1  month 

CfK0-2il 

5.8  Mev  alpha 

~400  years 

^^241  or  212 

6.1  Mev  alpha 

>  5  months 

Cf2t2 

Beta  (particles  not 
observed) 

~1  month 

UCRL  interpretation 

^£2(4  ot.2H 

Spontaneous-fission 
half-life,  68  days 

No  detectable 
alpha 

99»“ 

6.6  Mev  alpha 

35  to  50  days 

ANL  interpretation 

99*“ 

6.6  Mev  alpha 

22  days 

UCRL  interpretation 
(Cf*“  -  99*“) 
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